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ANNUAL  REPORT  -  YEAR  3 

BREAST  CANCER  PREDOCTORAL  TRAINING  PROGRAM 

(07/01/96-06/30/97) 


INTRODUCTION 

The  Breast  Cancer  Predoctoral  Training  Program  (BCPTP)  at  the  Mount  Sinai 
School  of  Medicine  has  entered  its  third  year  with  six  students  currently  supported. 
The  training  program  has  served  the  dual  function  of  encouraging  the  predoctoral 
students  to  focus  on  the  issues  of  breast  cancer  in  their  research  and  training  and  at 
the  same  time  has  served  as  a  focal  point  to  bring  various  Mount  Sinai  faculty 
together  to  stimulate  collaborations  and  research  in  the  area  of  breast  cancer.  After 
some  initial  growing  pains,  the  program  is  maturing  into  an  exciting  and 
stimulating  one  in  which  students  and  faculty  alike  have  been  excited  and  focused 
to  the  area  of  breast  cancer  research.  Although  the  actual  research  that  some  of  the 
students  are  performing  may  not  directly  impact  on  breast  cancer,  the  other 
elements  of  the  training  program  have  been  designed  to  educate  the  students 
concerning  the  important  questions  that  need  to  be  answered  in  breast  cancer 
research  and  to  stimulate  the  students  to  pursue  careers  that  involve  research  into 
the  underlying  mechanisms  responsible  for  human  breast  cancer. 


BODY 

Program  Direction 

Dr.  Stuart  Aaronson  has  continued  as  the  Principal  Investigator  of  the 
training  grant  and  serves  as  the  Director  of  the  Mount  Sinai  BCPTP.  During  the  first 
two  years  of  the  training  grant,  the  faculty  of  the  Deraid  H.  Ruttenberg  Cancer  Center 
were  dispersed  at  two  geographically  distinct  sites.  Several  faculty  were  located  in 
temporary  space  at  the  Rockefeller  University  and  the  remaining  faculty  including 
Dr.  Aaronson  were  located  in  temporary  space  on  the  Mount  Sinai  campus.  In  the 
last  year,  the  Cancer  Center  faculty  have  been  centrally  located  in  a  newly  opened 
East  Building.  Over  48,000  square  feet  of  research  space  has  been  dedicated  to  the 
cancer  effort  at  Mount  Sinai  and  a  rigorous  recruitment  effort  is  underway  to 
expand  the  cancer  faculty  by  as  many  as  8  new  members.  The  consolidation  of  the 
Cancer  Center  in  its  new  quarters  has  allowed  for  better  organization  and  more 
focus  to  the  BCPTP.  Dr.  James  Manfredi,  a  new  faculty  member  in  the  Cancer 
Center,  has  taken  over  as  Training  Coordinator.  The  steering  committee 
composition  remains  essentially  that  same,  however,  and  still  reflects  the  multi¬ 
disciplinary  nature  of  the  training  program.  The  members  of  the  steering 
committee  are  shown  in  Appendix  A. 


Research  Progress  of  Trainees 

Five  students  were  supported  by  the  BCPTP  in  Year  2  of  the  program.  In 
order  to  expand  the  number  of  students  that  are  involved  in  the  training  program 
utilizing  the  limited  resources  available,  it  was  decided  that  students  would  not  be 
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supported  by  the  training  grant  for  more  than  two  consecutive  years.  With  this  in 
mind,  three  of  the  students  from  Year  2  (Maxim  Fonarev,  Ulrich  Hermanto,  and 
Tara  Santore)  were  rotated  off  the  grant  and  were  subsequently  supported  by  their 
preceptor's  own  research  funding.  The  two  remaining  students  (Jessica  Feinlieb 
and  Wei  Li)  continued  to  be  supported  by  the  training  grant  in  Year  3.  The  three 
vacant  slots  were  filled  by  Albert  Fliss,  Yariv  Houvras,  and  Sandro  Santagata. 
During  the  course  of  Year  3,  Wei  Li  chose  to  take  a  leave  of  absence  from  the  Mount 
Sinai  School  of  Medicine  and  was  replaced  on  the  training  grant  by  Selvon  St.  Clair. 
A  summary  of  the  trainees  supported  to  date  by  the  BCPTP  is  shown  in  Appendix  B. 
A  total  of  eight  students  who  are  involved  in  the  BCPTP  continue  their  predoctoral 
study  at  Mount  Sinai  (Maxim  Fonarev  has  since  chosen  not  to  continue  his  Ph.D. 
studies).  A  list  of  those  students,  their  research  topic,  and  the  name  of  their 
preceptor  is  show  in  Appendix  C.  The  research  progress  of  the  six  currently 
supported  students  is  examined  in  detail  here. 

Jessica  Feinlieb 

Jessica  and  her  colleagues  in  the  laboratory  of  Dr.  Robert  Krauss  in  the 
Department  of  Biochemistry  recently  isolated  a  novel  gene  designated  cdo  (CAM- 
related  down  regulated  by  oncogenes)  from  the  rat  and  the  human.  Sequence 
analysis  of  cdo  indicates  that  it  is  a  1242  amino  acid  protein  containing  5  Ig  domains, 
3  FN  type-III  domains,  a  single  pass  transmembrane  domain  and  a  256  amino  acid 
cytoplasmic  tail.  Based  on  its  sequence,  cdo  is  a  member  of  the  immunoglobulin 
superfamily  and  a  founding  member  of  a  new  immunoglobulin/ fibronectin  type-III 
repeat  subfamily.  It  is  suspected  that  this  gene  acts  as  a  negative  growth  regulator  or 
as  a  possible  tumor  suppressor  gene.  This  is  supported  by  the  circumstances  under 
which  cdo  was  isolated,  and  human  cdo's  chromosomal  location,  llq23-24,  which  is 
known  to  sustain  loss  of  heterozygosity  in  breast,  ovarian  and  lung  carcinomas,  cdo 
is  expressed  in  primary  breast  cell  cultures  and  is  dramatically  down-regulated  or 
undetectable  in  multiple  breast  tumor  cell  lines.  Additionally,  cdo  is  highly 
expressed  in  the  developing  nervous  system  and  the  limb  bud  of  the  rat  embryo.  To 
further  examine  cdo's  possible  role  in  differentiation,  cdo  was  ectopically  expressed 
in  B104  cells,  a  neuroblastoma  derived  cell  line,  and  PC-12  cells.  This  expression 
induced  neurite  outgrowth  in  these  cells  in  the  absence  of  additional  differentiation- 
inducing  stimuli.  Furthermore,  exposure  of  these  cells  to  soluble,  unclustered  cdo 
also  induced  differentiation.  This  preliminary  evidence  suggests  that  cdo  may  play  a 
substantial  and  pivotal  role  in  neuronal  differentiation.  A  role  in  differentiation  is 
consistent  with  a  possible  role  for  cdo  as  a  tumor  suppressor  gene. 

Albert  Fliss 

The  hsp90  chaperone  machine  plays  a  vital  role  in  steroid  receptor  hormone 
binding  as  well  as  downstream  transcriptional  activation.  However  to  date,  no 
conclusive  study  has  been  performed  to  determine  the  role  of  the  hsp90  chaperone 
machine  in  high  affinity  hormone  binding  to  the  estrogen  receptor.  Albert  and  his 
colleagues  in  Dr.  Avrom  Caplan's  laboratory  in  the  Department  of  Cell  Biology  and 
Anatomy  have  used  the  yeast  Saccharomyces  cerevisiae  was  developed  as  a  model 
system  to  address  this  question.  Previous  studies  have  demonstrated  that  yeast  is  an 
appropriate  in  vivo  model  system,  which  enables  the  researcher  to  study  the 
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activation  of  steroid  hormone  receptors  in  a  convenient  in  vivo  setting.  In  order  to 
address  the  above  question,  hormone  binding,  4-hydroxytamoxifen  competition, 
and  reporter  gene  transactivation  assays  were  performed  on  yeast  strains  containing 
either  a  mutant  hsp90  or  Ydjl  (yeast  homologue  of  E.  coli  dnaj).  The  results  from 
hormone  binding  studies  demonstrated  that  both  hsp90  and  Ydjl  are  required  for 
high  affinity  hormone  binding  to  the  estrogen  receptor.  4-hydroxytamoxifen 
competition  assays  suggest  that  hsp90  and  Ydjl  are  required  for  tamoxifen  to  act  as  a 
competitive  inhibitor  of  hormone  binding  to  the  estrogen  receptor.  Interestingly,  in 
the  hsp90  mutant  4-hydroxytamoxifen  potentiated  hormone  binding  to  the  estrogen 
receptor,  however,  this  did  not  result  in  a  downstream  potentiation  of 
transactivation.  In  addition,  results  from  lacZ  reporter  gene  assays  performed  on  the 
hsp90  mutant  demonstrated  a  moderate  decrease  in  downstream  transactivation 
when  compared  to  the  isogenic  wild  type.  Taken  together  these  results  suggest  that 
both  hsp90  and  Ydjl  play  vital  roles  in  estrogen  receptor  hormone  binding  and 
downstream  transactivation.  Further  studies  will  be  performed  in  order  to 
determine  the  mechanism  of  hsp90  and  Ydjl  action  in  hormone-dependent 
estrogen  receptor  action.  In  addition,  studies  will  be  performed  to  determine  the 
role  of  the  other  components  of  the  hsp90  chaperone  machine  including  hsp70,  Stil, 
CDC37,  p23  and  the  cyclophilins  in  hormone  dependent  estrogen  receptor 
activation.  The  results  from  the  above  and  future  studies  should  help  further  the 
understanding  of  the  role  played  by  the  hsp90  chaperone  machine  in  estrogen 
receptor  activation. 

Yariv  Houvras 

BRCAl  is  a  tumor  suppressor  gene  mutated  in  hereditary  breast  and  ovarian 
cancer.  Approximately  45%  of  women  with  hereditary  breast  cancer  and  75%  of 
women  with  hereditary  breast/ ovarian  cancer  have  mutations  in  BRCAl.  In  the 
laboratory  of  Dr.  Jonathan  Licht  in  the  Brookdale  Center  for  Molecular  Biology, 
Yariv  has  focused  his  efforts  in  the  past  year  towards  understanding  the  biological 
function  of  the  BRCAl  protein.  He  hypothesized  that  BRCAl  must  interact  with 
other  proteins  to  carry  out  its  function  and  began  a  yeast  two  hybrid  screen  to 
identify  BRCAl  partner  proteins.  His  search  led  him  to  a  recently  identified  protein 
which  functions  as  a  phosphatase  inhibitor  as  a  potential  partner  protein  for 
BRCAl.  This  phosphatase  inhibitor  fails  to  interact  with  tumor  derived  missense 
mutant  forms  of  BRCAl,  which  suggests  that  this  interaction  has  biological 
relevance.  Studies  are  currently  underway  to  verify  this  interaction  by  biochemical 
methods  in  human  cells.  Yariv  is  designing  experiments  to  assess  whether  BRCAl 
regulates  the  function  of  this  partner  protein  and  whether  this  interaction  has 
effects  in  regulating  the  cell  cycle. 

Masako  Osada 

The  ras-related  protein,  R-ras  ,  was  originally  identified  by  low  stringency 
hybridization  method  using  a  viral  Ras  cDNA  as  a  probe.  In  the  laboratory  of  Dr. 
Andrew  Chan  in  the  Deraid  H.  Ruttenberg  Cancer  Center,  Masako  has  shown  that 
mutations  similar  to  those  found  in  the  ras  oncogene,  when  introduced  into  similar 
position  in  R-ras,  activate  its  transforming  potential.  More  recently,  Masako  has 
shown  that  R-ras  induces  cell  adhesion  through  activation  of  integrin  receptors  in  a 
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myeloid  stem  cell  line  32D.  To  understand  the  signaling  events  mediated  by  R-ras 
leading  to  these  two  distinct  biological  phenotypes,  a  panel  of  R-ras  mutants  that 
could  evoke  differential  biological  function  will  be  generated  in  order  to  dissect  the 
downstream  signal  pathways  responsible  for  transformation  and  cell  adhesion.  Cell 
adhesion  plays  an  important  role  in  cell  growth  and  differentiation.  Deregulation  of 
integrin  receptors  have  been  correlated  with  an  increase  in  the  propensity  of  tumor 
cells  to  invade.  Masako  hopes  that  this  project  may  lead  to  the  better  understanding 
of  the  molecular  mechanisms  of  tumor  metastasis. 

Sandro  Santagata 

Sandro  is  working  in  the  laboratory  of  Dr.  Eugenia  Spanopoulou  in  the 
Deraid  H.  Ruttenberg  Cancer  Center  and  is  currently  analyzing  the  molecular 
mechanism  of  V(d)J  site  specific  recombination  which  mediates  the  somatic 
assembly  of  antigen  receptor  gene  segments.  This  process  is  initiated  by  the 
recombination  activating  proteins  RAGI  and  RAG2  which  recognize  the 
recombination  signal  sequences  (RSS)  and  cleave  the  DNA  at  the  coding /RSS 
junction.  Using  a  highly  efficient  in  vitro  system  we  found  that  Mg2+  enforced  a 
physiological  pattern  of  DNA  binding  and  cleavage  by  RAG1/RAG2  whereas  Mn2+ 
induced  a  relaxed /tolerant  phenotype.  Experiments  with  a  RAGI  mutant  that 
exhibits  improved  DNA  binding  affinity  show  that  the  protein  recognizes  the 
nonamer  site  and  forms  a  transient  initial  recognition  state.  Recruitment  of  RAG2 
converts  this  low  affinity  interaction  into  a  stable  RAG1/RAG2-RSS  complex.  A 
single  point  mutation  in  the  homeodomain  of  RAGI  abolishes  complex  formation 
while  mutations  in  either  the  heptamer  or  the  nonamer  elements  drastically 
decrease  formation  of  this  stable  complex.  During  the  cleavage  reaction  the 
heptamer  guides  both  nicking  and  hairpin  formation  while  the  nonamer  is 
essential  for  hairpin  formation.  The  precise  role  of  Mg2+  in  the  initial  stages  of  V(d)J 
recombination  was  analyzed  by  DNA  binding  and  cleavage  of  phosphorothioated 
substrates.  We  found  that  Mg 2+  directly  mediates  the  initial  DNA  recognition  of  the 
RSS  by  RAGI/RAG2  as  well  as  the  subsequent  cleavage  reaction.  Interestingly,  Mg2+ 
coordination  is  critically  dependent  on  a  bridging  oxygen  present  in  the  coding 
sequences  flanking  the  heptamer  motif.  Sandro  reasons  that  an  understanding  of 
the  biochemistry  of  double  strand  break  formation  by  RAG1/RAG2  may  elucidate  a 
role  for  the  RAG  proteins  in  the  chromosomal  translocations  leading  to 
oncogenesis. 

Selvon  St.  Clair 

Selvon  has  just  recently  begun  working  in  the  laboratory  of  Dr.  James 
Manfredi  in  the  Deraid  H.  Ruttenberg  Cancer  Center.  Selvon's  research  has  focussed 
on  the  cdc25C  gene  product  which  plays  a  crucial  role  in  the  cell  cycle  and  is 
responsible  for  providing  the  signal  that  triggers  cells  to  enter  mitosis.  Selvon  has 
been  able  to  demonstrate  that  the  promoter  of  the  cdc25C  gene  contains  a  DNA 
binding  element  for  the  tumor  suppressor  protein  p53.  Selvon  is  currently  in  the 
process  of  establishing  a  transient  transfection  reporter  system  to  delineate  the 
physiological  importance  of  the  p53  binding  site  within  the  cdc25C  promoter.  To 
this  end,  Selvon  has  constructed  luciferase  reporter  vectors  containing  various 
deletions  of  the  cdc25C  promoter.  One  of  these  constructs  contains  the  p53  binding 


Page  8 


Grant  Number:  DAMD17-94-J-4in 


Principal  Investigator:  Stuart  A.  Aaronson,  M.D. 


element  while  the  other  possesses  only  the  minimal  promoter  region  of  the  cdc25C 
gene  lacking  the  p53  binding  site.  Co-transfection  of  the  reporter  constructs  along 
with  a  p53  expression  plasmid  will  be  performed.  Studies  such  as  these  in 
conjunction  with  determining  whether  endogenous  cdc25C  expression  is  induced  by 
p53  will  allow  Selvon  to  determine  whether  the  DNA  binding  site  in  the  cdc25c 
promoter  has  functional  significance  and,  in  turn,  may  suggest  a  role  for  p53  in  the 
control  of  mitosis. 


Selection  of  Trainees 

The  procedures  for  selection  of  trainees  remains  essentially  the  same  as  that 
used  in  Year  2.  Applicants  were  asked  to  submit  short  descriptions  of  their  research 
plans,  a  current  transcript,  and  a  letter  of  support  from  their  preceptors.  These  were 
evaluated  by  the  members  of  the  steering  committee  (Appendix  A).  The  principal 
members  of  the  committee  involved  in  these  evaluations  were  Dr.  Stuart  Aaronson 
and  Dr.  Mary  Rifkin.  Dr.  Aaronson  as  Director  of  the  Deraid  H.  Ruttenberg  Cancer 
Center  is  quite  familiar  with  Mount  Sinai  faculty  who  are  engaged  in  cancer-related 
research.  Dr.  Rifkin  plays  an  important  role  in  the  academic  training  of  all  graduate 
students  at  Mount  Sinai  and  is  ideally  suited  to  judge  the  particular  qualifications  of 
each  applicant.  Criteria  for  selection  include  (1)  the  academic  qualifications  of  the 
applicant  including  previous  training  experience  {see  Appendix  E),  (2)  the  merits  of 
the  proposed  research  and  its  potential  relevance  to  the  area  of  cancer  and  in 
particular  breast  cancer,  (3)  the  training  record,  funding,  and  qualifications  of  the 
preceptor,  and  (4)  the  applicant's  interest  in  pursuing  a  career  in  cancer  research.  As 
was  noted  earlier,  three  students  were  rotated  off  the  training  grant  at  the  start  of 
Year  3  and  three  new  students  were  chosen  to  replace  them.  Midway  through  Year 
3,  another  student  left  the  program  and  she  too  was  replaced. 


Recruitment  of  New  Trainees/Program  Advertisement 

Applicants  for  the  Mount  Sinai  BCPTP  are  solicited  from  all  students  and 
faculty  at  the  Mount  Sinai  School  of  Medicine.  At  the  beginning  of  each  academic 
year,  an  open  house  meeting  is  held  to  introduce  prospective  students  to 
laboratories  involved  in  cancer-related  research  and  the  BCPTP.  Mailings  to 
potential  applicants  as  well  as  incoming  graduate  and  MD/PhD  students  include 
information  about  the  Mount  Sinai  BCPTP  and  the  existence  of  the  training  grant. 


Description  of  Training  Program 
BCPTP  Trainee  Biweekly  Meetings 

To  focus  the  training  program  specifically  on  breast  cancer,  a  biweekly 
luncheon  meeting  was  established.  All  trainees  were  expected  to  attend.  To 
stimulate  discussion  and  create  an  informal  atmosphere,  lunch  was  served  at  these 
meetings.  The  purpose  of  these  meetings  was  two-fold.  First,  Mount  Sinai  faculty 
with  expertise  in  the  area  of  breast  cancer  were  invited  to  give  didactic  lectures 
presenting  an  overview  of  their  area  of  expertise.  Second,  these  meetings  were  used 
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as  a  forum  for  the  students  to  present  their  own  research.  The  schedule  for  these 
meetings  is  shown  in  Appendix  G. 

Since  the  ongoing  research  experience  of  the  trainees  has  been  primarily 
grounded  in  basic  laboratory  science,  the  invited  lecture  portion  of  these  meetings 
was  designed  to  give  the  trainees  a  better  understanding  of  clinical  aspects  of  breast 
cancer  and  to  stimulate  their  thinking  as  to  how  their  own  research  may  help  to 
answer  some  of  the  important  questions  that  are  currently  relevant  in  the  diagnosis 
and  treatment  of  breast  cancer.  To  that  end,  Dr.  Mira-y-Lopez  (Neoplastic  Diseases) 
discussed  the  basic  cell  biology  of  the  human  mammary  gland  as  a  background  for  a 
presentation  by  Dr.  Ira  Bleiweis  (Pathology)  on  the  pathology  of  the  human  breast 
and  the  pathological  techniques  that  are  used  in  the  diagnosis  of  breast  cancer.  Dr. 
James  Holland  (Neoplastic  Diseases)  lectured  on  the  clinical  care  of  breast  cancer 
patients  with  a  particular  emphasis  on  his  area  of  expertise:  combination 
chemotherapy.  Dr.  Christine  Eng  (Human  Genetics)  led  a  lively  discussion  of  the 
ethical  issues  involved  in  the  genetic  testing  for  BRCAl  and  BRCA2  mutations. 
Finally,  Drs.  Mary  Wolff  and  Jonine  Bernstein  (Community  Medicine)  discussed  the 
environmental  and  genetic  epidemiology,  respectively,  of  human  breast  cancer. 
This  part  of  the  luncheon  series  was  very  well-received  by  the  students  and  a 
number  of  faculty  were  regular  participants  as  well.  The  enthusiasm  of  all  involved 
has  convinced  us  to  continue  this  program  in  the  coming  year. 

These  didactic  lectures  were  alternated  with  presentations  of  research  by  each 
of  the  trainees.  This  forum  provides  the  opportunity  for  each  of  the  students  to 
present  their  current  research  at  least  twice  during  the  academic  year.  These 
presentations  were  attended  by  members  of  the  steering  committee  as  well  as  the 
preceptors  of  all  of  the  trainees.  Students  were  subsequently  requested  to  submit  a 
short  written  report  for  evaluation  by  the  steering  committee  (see  Evaluation  of 
Training  Program). 

In  summary,  these  biweekly  meetings  gave  a  sense  of  cohesion  and  unity  to 
the  group  of  trainees  and  their  preceptors,  allowed  for  interaction  and  potential 
collaboration  between  the  various  training  laboratories,  and  gave  faculty  and 
students  alike  an  opportunity  to  become  better  educated  about  the  important  issues 
in  clinical  breast  cancer. 

Molecular  Oncogenesis  Research  Colloquia 

To  foster  interactions  between  laboratories  within  the  Mount  Sinai  cancer 
research  community  and  to  keep  both  the  students  and  faculty  aware  of 
opportunities  for  collaboration,  a  monthly  Molecular  Oncogenesis  Research 
Colloquium  was  held.  Two  laboratories  presented  their  current  research  each 
month.  The  schedule  for  the  current  reporting  period  is  shown  in  Appendix  H. 
The  Colloquium  was  held  in  the  early  evening  on  Thursdays.  Pizza  and  soda  were 
served  to  maintain  an  informal  atmosphere  and  allow  for  an  interactive  discussion. 
BCPTP  trainees  were  required  to  attend  these  monthly  events. 

Molecular  Basis  of  Disease  Journal  Club 

The  interdisciplinary  graduate  training  program.  Molecular  Basis  of  Disease, 
sponsored  a  weekly  journal  club.  Presentation  at  this  journal  club  was  required  of 
all  students  in  the  program  who  have  not  yet  passed  their  Second  Level 
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examination  which  involves  a  demonstration  of  general  knowledge  in  the  form  of 
an  oral  examination  by  a  committee  of  faculty  and  a  defense  of  a  thesis  proposal. 
Three  of  the  students  currently  in  the  BCPTP  presented  at  this  journal  club:  Masako 
Osada,  Selvon  St.  Clair,  and  Yariv  Houvras.  The  remaining  BCPTP  students  were 
required  to  attend  and  participate.  The  schedule  for  this  Molecular  Basis  of  Disease 
journal  club  is  shown  in  Appendix  I. 

Recommended  Seminars 

There  is  a  full  and  varied  schedule  of  research  seminars  presented  at  the 
Mount  Sinai  School  of  Medicine.  During  the  course  of  the  current  reporting  period, 
particular  seminars  were  identified  and  attendance  was  recommended  for  the 
BCPTP  trainees.  These  seminars  were  chosen  because  the  topics  were  relevant  to 
the  general  area  of  cancer  biology  and/or  breast  cancer.  A  list  of  these  seminars  is 
shown  in  Appendix  J.  Once  a  month  (twice  in  December),  a  seminar  that  was 
particularly  relevant  to  breast  cancer  and  the  training  program  was  identified  and 
attendance  was  required  for  the  BCPTP  trainees.  These  required  seminars  are  also 
indicated  in  Appendix  J.  On  three  occasions,  it  was  arranged  that  the  BCPTP  trainees 
shared  lunch  with  the  seminar  speaker.  The  speakers  were  Barbara  Weber 
(12/19/96),  Wen  Hwa  Lee  (04/10/97),  and  Raymond  White  (05/14/97).  This  gave 
the  students  the  opportunity  to  interact  directly  and  as  a  group  with  the  visiting 
scientist  without  the  presence  of  faculty  or  other  staff. 

Courses 

Two  relevant  cancer-related  courses  are  offered  by  the  Graduate  School  at 
Mount  Sinai.  The  BCPTP  trainees  were  expected  to  complete  both  of  these  courses. 
These  courses  were  Advanced  Topics  in  Cancer  Biology,  organized  by  the  Deraid  H. 
Ruttenberg  Cancer  Center,  and  Advanced  Signal  Transduction,  organized  by  the 
Department  of  Pharmacology. 

Advanced  Topics  in  Cancer  Biology 

In  previous  years,  the  Advanced  Topics  in  Cancer  Biology  course  was 
organized  as  a  series  of  didactic  lectures  covering  relevant  topics  in  cancer.  In  the 
current  reporting  period,  a  new  Molecular  Basis  of  Disease  overview  course  was 
organized  in  which  ten  lectures  are  dedicated  to  cancer  and  cancer-related  topics. 
The  Advanced  Topics  in  Cancer  Biology  course  was  therefore  re-organized  to  consist 
of  journal  article-based  student  presentations  in  particular  topics  that  are  relevant  to 
cancer  biology.  The  topics  chosen  for  this  past  year  were  (1)  Growth  Factors  and 
Receptors,  (2)  DNA  Recombination  and  Repair,  and  (3)  Apoptosis.  A  course  outline 
and  reading  list  is  included  in  Appendix  K.  Except  for  Sandro  Santagata  and  Albert 
Fliss  who  both  had  completed  their  course  requirements  by  the  time  of  their  entry 
into  the  BCPTP,  all  of  the  other  trainees  have  completed  this  course  requirement. 

Advanced  Signal  Transduction 

The  Advanced  Signal  Transduction  course  is  an  inter-departmental  effort 
organized  by  the  Department  of  Pharmacology.  It  is  a  lecture-based  course  which 
covers  a  wide  range  of  topics,  many  of  which  are  relevant  to  cancer  {see  Appendix 
L).  As  with  the  Advanced  Topics  in  Cancer  Biology  course,  except  for  Sandro 
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Santagata  and  Albert  Fliss,  all  of  the  BCPTP  trainees  have  completed  this  course 
requirement  as  well. 


Evaluation  of  Training 

The  Graduate  School  at  Mount  Sinai  requires  that  students  meet  twice  a  year 
with  their  advisory  committees  to  evaluate  progress  both  through  course  work  and 
in  the  laboratory.  The  advisory  committees  for  the  BCPTP  trainees  are  listed  in 
Appendix  D.  As  was  noted  above,  trainees  also  present  their  research  twice  a  year  to 
members  of  the  steering  committee  and  trainee  preceptors  during  the  biweekly 
trainee  luncheons.  Trainees  submit  a  written  summary  of  their  research  to  be 
evaluated  by  the  steering  committee.  As  part  of  the  biweekly  luncheon  meetings, 
students  are  encouraged  to  discuss  how  their  current  research  may  potentially 
impact  on  the  area  of  breast  cancer  and  to  express  what  interest  they  have  in 
pursuing  careers  involving  breast  cancer  research.  The  results  of  such  evaluations 
have  shown  that  the  current  trainees  are  among  the  best  graduate  students  at 
Mount  Sinai. 


Faculty  Collaboration 

The  participation  of  the  faculty  in  the  Mount  Sinai  BCPTP  has  led  to 
increased  discussions  and  collaborations,  in  some  cases,  specifically  in  the  area  of 
breast  cancer  research.  Dr.  Mary  Wolff  in  the  Department  of  Community  Medicine 
has  organized  monthly  luncheon  meetings  to  discuss  research  initiatives  involving 
the  role  of  environmental  and  genetic  influences  in  the  development  of  breast 
cancer.  These  monthly  meetings  have  led  to  a  program  project  initiative  led  by  Dr. 
Ze'ev  Ronai  in  the  Deraid  H.  Ruttenberg  Cancer  Center.  A  collaboration  between 
Dr.  Mary  Wolff  (Community  Medicine)  and  Dr.  Paolo  Fedi  (Cancer  Center) 
involving  expression  of  erbB  family  members  in  primary  human  breast  tumors  is 
leading  to  the  submission  of  a  pilot  project  grant  to  the  National  Cancer  Institute. 
Another  collaboration  between  Dr.  Wolff  and  Dr.  James  Manfredi  (Cancer  Center) 
on  the  role  of  p53  expression  in  the  chemotherapeutic  responsiveness  of  human 
breast  tumors  has  lead  to  the  submission  of  a  grant  proposal  to  a  local  group  which 
funds  breast  cancer  research.  Dr.  Aaronson  continues  to  sponsor  periodic  meetings 
of  a  Breast  Cancer  Study  Group  in  which  various  faculty  present  their  research  with 
the  intent  of  stimulating  collaborations  and  new  grant  initiatives.  In  summary,  the 
BCPTP  has  served  as  a  focal  point  to  bring  together  Mount  Sinai  researchers  and 
focus  their  interest  on  research  relevant  to  breast  cancer. 


Budget 

In  the  current  reporting  period.  Year  3,  nine  trainees  were  supported  by  the 
BCPTP  grant.  Three  students  were  supported  for  a  full  year.  The  remaining 
students  were  supported  from  two  through  ten  months.  A  summary  of  the  budget 
for  Year  3  is  shown  in  Appendix  F. 

Adherence  to  Statement  of  Work 


Page  12 


I 


Grant  Number:  DAMD17-94-J-4111 


Principal  Investigator:  Stuart  A.  Aaronson,  M.D. 


Review  progress  of  trainees 

The  academic  progress  of  trainees  is  evaluated  by  advisory  committees  that 
are  set  up  by  the  Graduate  School  at  Mount  Sinai.  The  progress  of  the  trainees  as  it 
specifically  relates  to  the  BCPTP  is  reviewed  by  the  steering  committee  through  the 
oral  presentations  of  the  trainees  at  the  biweekly  luncheon  meetings  and  through 
an  annual  written  report.  This  has  been  successfully  done  for  Year  3. 

Select  additional  trainees  and  set  up  advisory  committees  for  new  trainees 

Four  new  trainees  were  added  to  the  program  during  Year  3  and  have  been 
successfully  integrated  into  the  BCPTP.  Advisory  committees  are  available  for  each 
of  the  trainees  as  well. 

Review  training  program/Evaluate  impact  of  seminars  and  journal  club 

The  steering  committee  decided  that  more  attention  needed  to  be  paid  to 
educating  the  trainees  specifically  in  the  area  of  breast  cancer.  The  biweekly 
luncheon  meetings  were  initiated  to  perform  this  task.  To  date,  these  meetings 
have  been  enthusiastically  received  by  students  and  faculty  alike  and  will  be 
continued.  At  least  one  seminar  a  month  has  been  identified  or  organized  as  being 
relevant  to  the  needs  of  the  BCPTP.  At  the  suggest  of  several  trainees,  the  students 
themselves  will  assist  in  choosing  invited  seminar  speakers  who  will  address  topics 
of  direct  interest  to  the  BCPTP.  The  Molecular  Basis  of  Disease  journal  club  focussed 
on  breast  cancer  in  the  last  semester.  This  proved  to  be  an  important  component  of 
the  BCPTP. 

Organize  breast  cancer  seminars,  a  journal  club  for  trainees,  with  modifications  if 
necessary 

The  biweekly  luncheon  meetings  were  organized  to  achieve  this  goal  and 
have  been  met  with  enthusiasm.  The  format  of  alternating  invited  lectures  with 
student  presentations  appears  to  be  working  well  and  will  be  continued. 

Continue  to  recruit  and  advertise  program 

The  program  is  entering  its  fourth  and  final  year  of  funding.  The  satisfaction 
and  interest  of  both  faculty  and  students  in  the  training  program  has  prompted  an 
effort  to  apply  for  funding  from  the  National  Cancer  Institute  in  the  form  of  a 
training  grant  to  continue  the  BCPTP  in  the  future. 

Continue  encouragement  of  breast  cancer  research  among  Mount  Sinai  faculty 

The  organization  of  monthly  meetings  by  Dr.  Mary  Wolff  to  encourage 
interactions  between  basic  science  researchers  and  those  involved  in  more  clinical 
approaches  will  be  continued.  The  program  project  initiative  of  Dr.  Ze'ev  Ronai  has 
already  stimulated  discussion  and  collaboration  among  those  involved.  These 
efforts  will  be  expanded. 
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The  Mount  Sinai  Breast  Cancer  Predoctoral  Training  Program  has  had  a 
successful  Year  3.  Four  new  students  were  added  to  the  program,  bringing  to  a  total 
of  six  students  who  are  funded  by  the  training  grant  and  eight  students  who  are 
currently  actively  involved  in  the  BCPTP.  The  organization  of  a  biweekly  trainee 
luncheon  series  has  stimulated  discussion  of  issues  relevant  to  breast  cancer 
research  among  both  trainees  and  faculty.  In  addition,  the  BCPTP  has  served  as  a 
focal  point  and  "launching  pad"  for  faculty  collaborations  in  the  areas  of  breast 
cancer  research.  Thus,  the  BCPTP  has  stimulated  significant  interest  in  breast  cancer 
research  at  the  Mount  Sinai  School  of  Medicine.  The  program  has  achieved  a  high 
level  of  organization  and  a  strong  sense  of  purpose.  Hence,  it  is  anticipated  that 
Year  4  should  be  successful  in  achieving  the  dual  goals  of  enhancing  the  training 
experience  the  students  and  stimulating  interest  and  collaborations  in  breast  cancer 
research  among  all  involved. 
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Academic  Rank  ,  . 

Department  or  Center 
Affiliation 

Program  Director 

Stuart  A,  Aaronson,  M.D. 

Professor 

Cancer  Center 

Training  Coordinator 

James  J.  Manfredi,  Ph.D. 

Assistant  Professor 

Cancer  Center 

Steering  Committee 

Ravi  Iyengar,  Ph.D. 

Professor 

Pharmacology 

Edward  Johnson,  Ph.D. 

Professor 

Pathology 

Robert  Krauss,  Ph.D. 

Assistant  Professor 

Biochemistry 

Jonathan  Licht,  M.D. 

Associate  Professor 

Molecular  Biology 

Mary  Rifkin,  Ph.D. 

Associate  Professor 

Molecular  Biology 

Lu-Hai  Wang,  Ph.D. 

Professor 

Microbiology 

Mary  Wolff,  Ph.D. 

Professor 

Community  Medicine 

Graduate  School  Liaison 

Terry  Krulwich,  Ph.D. 

Professor/Dean 

Biochemistry 
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Summary  of  Trainees  Supported  to  Date 


Trainee 

Total  Months  of 
Support 

Year  One 

Jessica  Feinlieb 

07/01/95-06/30/96 

07/01/96-06/30/97 

24 

Albert  Fliss 

10/01/96-06/30/97 

9 

Maxim  Fonarev 

07/01/94-06/30/95 

07/01/95-06/30/96 

24 

Ulrich  Hermanto 

07/01/94-06/30/95 

07/01/95-06/30/96 

07/01/96-08/31/96 

26 

Yariv  Houvras 

07/01/96-06/30/97 

12 

Wei  Li 

07/01/95-06/30/96 

07/01/96-01/31/97 

19 

Masako  Osada 

09/01/96-06/30/97 

10 

Selvon  St.  Clair 

02/01/97-06/30/97 

5 

Sandro  Santagata 

07/01/96-06/30/97 

12 

Tara  Santore 

07/01/94-06/30/95 

07/01/95-06/30/96 

07/01/96-09/30/96 

27 
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APPENDIX  C 

BCPTP  Trainees,  Research  Project  Titles,  and  Preceptors 


1  Trainee 

Jessica  Feinlieb 
(MD/PhD,  Year  Five) 

Cdo,  a  novel  CAM-related  gene 
and  differentiation 

Robert  Krauss,  Ph.D. 

Department  of  Biochemistry 

Albert  Fliss 
(PhD,  Year) 

Hsp90  and  estrogen  receptor 
activation 

Avrom  Caplan,  Ph.D. 

Department  of  Cell  Biology  and  Anatomy 

Ulrich  Flermanto 
(MD/PhD,  Year  Six) 

Receptor  tyrosine  kinases  in 
breast  cancer 

Lu-FIai  Wang,  Ph.D. 

Department  of  Microbiology 

Yariv  Houvras 
(MD/PhD,  Year  Four) 

Identification  of  BRCAl 
partner  proteins 

Jonathan  Licht,  M.D. 

Brookdale  Center  for  Molecular  Biology 

Masako  Osada 
(PhD,  Year  Three) 

R-ras  and  transformation 

Andrew  Chan,  Ph.D. 

Deraid  H.  Ruttenberg  Cancer 

Selvon  St.  Clair 
(PhD,  Year  Two) 

p53  and  mitosis 

James  J.  Manfredi,  Ph.D. 

Deraid  H.  Ruttenberg  Ccincer 

i 

Sandro  Santagata 
(MD/PhD,  Year  Four) 

Mechanisms  of  genomic  DNA 
rearrangements 

Eugenia  Spanopoulou,  Ph.D. 

Deraid  H.  Ruttenberg  Cancer 

Tara  Santore 
(PhD,  Year  Six) 

cAMP  signalling  in  breast 
cancer 

Srinivas  R.V.  Iyengar,  Ph.D. 

Department  of  Pharmacology 
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APPENDIX  D 

BCPTP  Trainee  Advisory  Committees 


Trainee 

Advisory^  Committee  ;  t  ^ 

Department  or  Center 
Affiliation 

Jessica  Feinlieb 

Jonathan  Licht,  M.D. 

Steven  Salton,  M.D. 

Molecular  Biology 
Neurobiology 

Albert  Fliss 

Gillian  Small,  Ph.D. 

Jeanne  Hirsch,  Ph.D. 

Cell  Biology  and  Anatomy 
Cell  Biology  emd  Anatomy 

Ulrich  Hermanto 

Robert  Krauss,  Ph.D. 

Irwin  Gelman,  Ph.D. 

Biochemistry 

Microbiology 

Yariv  Houvras 

Stuart  A.  Aaronson,  M.D. 

James  J.  Manfredi,  Ph.D. 

David  Sassoon,  Ph.D. 

Cancer  Center 

Cancer  Center 

Molecular  Biology 

Masako  Osada 

Sandra  Masur,  Ph.D. 

Edward  Johnson,  Ph.D. 

Cell  Biology  and  Anatomy 
Pathology 

Selvon  St.  Clair 

Adolfo  Garcia-Sastra,  Ph.D. 
Stave  Kohtz,  Ph.D. 

Ze'ev  Ronai,  Ph.D. 

Microbiology 

Pathology 

Cancer  Center 

Sandro  Santagata 

i 

1 

Thomas  Lufkin,  Ph.D. 

Francisco  Ramirez,  Ph.D. 

David  Colman,  Ph.D. 

Molecular  Biology 
Molecular  Biology 
Molecular  Biology 

Tara  San  tore 

(not  available) 

Grant  Number:  DAMD17-94-J-4111 
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APPENDIX  E 

BCPTP  Trainee  Prior  Academic  History 


Trainee 

Undergraduate  Training’  ^ 

GRE  bir  MCAT  Scores 

Institution  i 

Year^v 

Awarded 

,  '  ^jor 

GPA- 

Jessica  Feinlieb 

A.B. 

University  Of 
Chicago 

1992 

Biology 

3.00 

MCAT: 

VB-9,  PH-9,  WR-O, 

BS-11,  TOT-29 

Albert  Fliss 

B.S. 

University  of 
Central 

Florida 

1982 

Microbiology 

3.06 

GRE; 

VRB-580,  QUA-690 
ANA-500 

Ulrich  Hermanto 

B.A. 

Boston 

University 

1992 

Chemistry 

3.52 

MCAT: 

VB-11,  PH-10,  WR-N, 
BS-12  ,  TOT-33 

Yariv  Houvras 

B.S. 

University  of 
Michigan 

1992 

Biology 

3.22 

MCAT: 

VB-11,  PH-10,  WR-S, 

BS-11  ,  TOT-32 

Masako  Osada 

B.S. 

City  College 
of  New  York 

1994 

Biology 

3.60 

GRE: 

VRB-350,  QUA-560 
ANA-510,  ADV-590 

Sandro  Santagata 

B.A. 

Amherst 

College 

1993 

Neuroscience 

3.55 

MCAT: 

VB-10,  PH-12,  WR-R, 

BS-13  ,  TOT-35 

Selvon  St.  Clair 

B.Sc. 

University  of 
West  Indies 

1993 

Chemistry 

3.76 

GRE: 

VRB-520,  QUA-540 
ANA-520 

Tara  San  tore 

B.S. 

St.  Francis 
College 

1990 

Biology 

3.94 

GRE: 

VRB-460,  QUA-460, 
ANA-610,  ADV-660 
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APPENDIX  F 

Budget  Summary  for  Current  Reporting  Period 


1  Trainee 

,, 1 

fruition  and. 
Fees  ; 

Supply 

Allowance 

'''  ;; 

Total 

Jessica  Feinlieb 

07/01/96-06/30/97 

14,708 

1,385 

350 

16,450 

Albert  Fliss 

10/01/96-06/30/97 

10,988 

2,200 

350 

13,548 

Ulrich  Hermanto 

07/01/96-08/31/96 

2,102 

2,109 

Yariv  Houvras 

07/01/96-06/30/97 

14,708 

1,385 

350 

16,450 

Wei  Li 

07/01/96-01/31/97 

8,580 

3,050 

350 

11,987 

Masako  Osada 

09/01/96-06/30/97 

12,606 

3,825 

350 

16,790 

Selvon  St.  Clair 

02/01/97-06/30/97 

6,128 

2,200 

350 

8,680 

Sandro  Santagata 

07/01/96-06/30/97 

14,708 

1,385 

350 

16,450 

Tara  Sant  ore 

07/01/96-09/30/96 

3,720 

3,727 

TOTALS 

88,248 

15,430 

2,450 

106,191 
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APPENDIX  G 

Schedule  for  BCPTP  biweekly  meetings 


Breast  cancer  training  grant  biweekly  group  luncheons 

The  Army  breast  cancer  training  grant  biweekly  group  luncheons  will  be  held  on  Tuesdays 
beginning  Tuesday,  February  18,  1997  from  12:00-1:00  PM.  The  meeting  will  be  held  in 
Annenberg  25-51  until  May  13th.  The  May  13th  meeting  and  thereafter  will  be  held  in  the  Cancer 
Center’s  conference  room.  East  Building  15-84.  Lunch  will  be  served. 


Annenberg  25-51 

February  18 

Organizational  meeting 

March  4 

Cell  Biology  I:  basic  biology 

Rafael  Mira-y-Lopez  (4-3194) 
Neoplastic  Diseases 

March  18 

Research  talks  I 

Yariv  Houvras  (4-9428) 
Jessica  Feinlieb  (4-6436) 

April  1 

Cell  Biology  II:  pathology 

Ira  Bleiweis  (4-9159) 
Pathology 

April  15 

Research  talks  II 

Albert  Fliss  (4-6564) 

Masako  Osada  (5-8108) 

April  29 

Patient  care  I:  diagnosis  and 
treatment 

Jim  Holland  (4-6361) 
Neoplastic  Diseases 

East  Building  15-84 

May  13 

May  27 
June  10 

June  24 


Patient  care  H:  genetic  testing 
and  ethical  issues 

Research  talks  III 


Epidemiology  II: 
environmental  factors 

Epidemiology  I:  genetic 
factors 


Christine  Eng  (4-3150) 
Human  Genetics 

Selvon  St.  Clair  (5-8113) 
Sandro  Santagata  (5-8121) 

Mary  Wolff  (4-6183) 
Community  Medicine 

Jonine  Bernstein  (4-8495) 
Community  Medicine 
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APPENDIX  H 

MOLECULAR  ONCOGENESIS  COLLOQUIA 


Speaker  ’ 

.-fe:-  ;g|jteiter  W- 

Affiliation 

'/"V::v;v’Colloqma  Topic 

Lu-Hai  Wang,  Ph.D. 

Microbiology 

10/10/96 

Ros  receptor  signal  transduction 

Marius  Sudol,  Ph.D. 

Biochemistry 

10/10/96 

WW  proteins  and  cell  signalling 

Stave  Kohtz,  Ph.D. 

Pathology 

11/7/96 

Regulation  of  myogenesis 

James  J.  Manfredi,  Ph.D. 

Cancer  Center 

11/7/96 

Tumor  suppressor  activity  of  p53 

Ravi  Iyengar,  Ph.D. 

Pharmacology 

12/5/96 

cAMP  signalling 

Paolo  Fedi,  M.D.  Ph.D. 

Cancer  Center 

12/5/96 

ErbB-2  and  erbB-3  signalling 

Andrew  Chan,  Ph.D. 

Cancer  Center 

01/09/97 

Role  of  R-ras  in  transformation 

Irwin  Gelman,  Ph.D. 

Microbiology 

01/09/97 

Characterization  of  a  novel  tumor  suppressor 

Robert  Krauss,  Ph.D. 

Biochemistry 

02/06/97 

Role  of  cdo  in  differentiation 

Paul  Finch,  Ph.D. 

Cancer  Center 

02/06/97 

Frizzled-related  antagonist  of  wnt  action 

Edward  Johnson,  Ph.D. 

Pathology 

03/06/97 

Interaction  of  Pura  and  cyclin  A 

Jonathan  Licht,  M.D. 

Molecular  Biology 

03/06/97 

Transcriptional  repression  by  PLZF 

Mitch  Goldfarb,  Ph.D. 

Molecular  Biology 

04/03/97 

Fibroblast  growth  factors 

Andrew  Bergemann,  Ph.D. 

Pathology 

04/03/97 

Ephrins  and  their  receptors  in  development 

Xiangwei  Wu,  Ph.D. 

Cancer  Center 

05/01/97 

Novel  genes  involved  in  apoptosis 

Eugenia  Spanopoulou,  Ph.D. 

Cancer  Center 

05/01/97 

Role  of  RAGl  and  RAG2  in  recombination 

Christopher  Burrow,  M.D. 

Nephrology 

06/05/97 

Kidney  development 

Zhen-Qiang  Pan,  Ph.D. 

Cancer  Center 

06/05/97 

Nucleotide  excision  repair  and  TFIIH 
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APPENDIX  I 

SCHEDULE  FOR  MOLECULAR  BASIS  OF  DISEASE  JOURNAL  CLUB 


Molecular  Biology  of  Diseases  Journal  Club 

Mondays,  12:15  p.m.  Room  25-51 

Spring  Semester  Topics:  Breast  Cancer  and  the  Molecular  Basis  of  Environmental  Carcinogenesis. 

2/10/97  Wang  et  al.  (1994)  Mammary  hyperplasia  and  carcinoma  in  MMTV-cyclin  DI 
transgenic  mice.  Nature  239,  669-67 1 .  Presenter:  Andrew  Bergemann 

2/24/97  Sicinski,  P.  et  al.  (1995)  Cyclin  DI  provides  a  link  between  development  and 
oncogenesis  in  retina  and  breast.  Cell  82,  621-630.  Presenter:  Yariv  Houvras 

3/3/97  Halachmi,  S.  et  al.  (1994)  Estrogen  receptor-associated  proteins:  possible 

mediators  of  hormone-induced  transcription.  Science  264,  1455-1458.  Presenter: 
Vera  Go 

3/10/97  Lydon  et  al.  (1995)  Mice  lacking  progesterone  receptor  exhibit  pleiotropic 

reproductive  abnormalities.  Genes  and  Dev.  9, 2266-2278.  Presenter:  Stephanie 
Schwartz 

3/17/97  Del  Sal,  G.  et  al.  (1996)  Cyclin  DI  and  p21/WAFI  are  both  involved  in  p53  growth 
suppression.  Oncogene  12,  177-185.  Presenter:  Pallavi  Sachdev 

3/24/97  Chen,  J.  et  al.  (1996)  Cyclin-binding  motifs  are  essential  for  the  function  of 

p21CIPl.  Molecular  and  Cellular  Biology  16,4673-4682.  Presenter:  Hong  Liu 

3/31/97  Bacus  S.  S.  et  al.  (1996)  Neu  differentiation  factor  (heregulin)  activates  a 

p53-dependent  pathway  in  cancer  cells.  Oncogene  12,2535-2547.  Presenter: 
Caryn  Chu 

AH  191  Savitsky,  K.  et  al.  (1995)  A  single  ataxia  telangiectasia  gene  with  a  product  similar 

to  PI-31anase.  Science  268, 1749-1753.  Presenter:  Masako  Osada 

4/14/97  Limin,  L.  et  al.  (1997)  The  TSGlOl  tumor  susceptibility  gene  is  localized  to 
chromosome  1 1  band  pl5  and  is  mutated  in  human  breast  cancer.  Cell  88, 

143-154.  Presenter:  Alex  Chang 

4/21/97  Hakem,  R.  et  al.  (1996)  The  tumor  suppressor  gene  BRCAI  is  required  for 

embryonic  cellular  proliferation  in  the  mouse.  Cell  85,  1009-1023.  Presenter:  Yue 
Wang 

4/28/97  Paulovich  A.G.  and  Hartwell,  L.H.  (1995)  A  checkpoint  regulates  the  rate  of 

progression  through  S  phase  in  S.  cerevisiae  in  response  to  DNA  damage.  Cell  82, 
841-847.  Presenter:  Wilfred  Holness 

5/5/97  Scully  et  al.  (1997)  Association  of  BRCAI  with  Rad51  in  Mitotic  and  meiotic  cells. 

Cell  88,  265-275.  Presenter:  Joanne  Hama 

5/12/97  Dennisenko  M.  F.  et  al.  (1996)  Preferential  formation  of  benzo[a]pyrene  adducts  at 

lung  cancer  mutational  hotspots  in  p5 3.  Science  274, 430-432.  Presenter:  Kim 
Lezon-Geyda 

5/12/97  Bischoff  et  al.  (1996)  An  adenovirus  mutant  that  replicates  selectively  in  p53- 

deficient  human  tumor  cells.  Science  274, 373-376.  Presenter:  Selvon  St.  Clair 
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(For  seminars  in  bold,  attendance  was  required  for  BCPTP  trainees) 
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Advanced  Topics  in  Cancer  Biology 
Spring,  1997 


Advanced  Topics  in  Cancer  Biology  will  be  offered  in  the  Spring  semester,  1997.  Three 
modules  will  be  offered.  Students  may  take  either  one,  two,  or  all  three  modules  for  credit.  Each 
module  is  1  credit.  Classes  meet  on  Tuesday  and  Thursday,  1:30-3:00  PM  in  Annenberg  18-85. 
This  is  a  journal  article-based  class  in  which  students  take  turns  leading  discussion  of  assigned 
journal  articles.  Each  module  will  have  one  invited  speaker  who  will  present  a  research  seminar 
that  is  relevant  to  the  topic  of  the  module.  For  general  information,  students  should  contact  Jim 
Manfredi  (5-8110).  For  details  concerning  the  topics  to  be  covered  in  each  module,  students 
should  contact  each  of  the  instructors  directly.  An  organizational  meeting  for  the  first  module  will 
be  held  on  Tuesday,  January  28  at  1:30  PM  in  Annenberg  18-85. 

Module  I:  Biology  of  Growth  Factors  and  Receptors 
(P.  Finch,  4-  8351  and  P.  Fedi,  4-8369) 

Dates:  February  4-March  6, 1997 

The  focus  will  be  on  the  role  of  various  growth  factors  and  their  receptors  in  normal  biological 
processes  as  well  as  particular  pathological  states,  most  notably  cancer.  The  approach  to  the  topics 
will  emphasize  the  biology  of  the  systems  being  examined  and  thus  will  attempt  to  avoid  overlap 
with  the  signal  transduction  course  being  offered  concurrently. 


Module  II:  DNA  Recombination  and  Repair 
(E.  Spanopoulou,  5-8120  and  Z.  Pan,  5-8115) 

Dates:  March  11-April  10, 1997 

Molecular  mechanisms  of  DNA  recombination  and  repair  will  be  studied  utilizing  where 
appropriate  examples  of  physiological  or  developmental  relevance. 


Module  III:  Apoptosis 

(X.  Wu,  4-8320  and  J.  Manfredi,  5-8110) 

Dates:  April  15-May  15, 1997 

The  biochemistry  and  molecular  biology  of  apoptosis  will  be  emphasized.  In  particular,  the 
molecular  mechanisms  underlying  programmed  cell  death  will  be  examined,  including  signal 
transduction  pathways  leading  to  apoptosis,  the  bcl-2  family  of  proteins,  and  the  involvement  of 
the  tumor  suppressor  protein  p53. 


Advanced  Topics  in  Cancer  Biology 
February  4  -  March  6,  1997 


Biology  of  Growth  Factors  and  Receptors 

Paul  W.  Finch  (4-8351)  and  Paolo  Fedi  (4-8369) 

Articles  have  been  selected  to  illustrate  important  aspects  of  growth  factor  signaling  at  the 
molecular,  cellular,  and  tissue  levels.  Particular,  but  not  exclusive,  emphasis  has  been  placed  upon 
the  role  of  growth  factor  signaling  in  tumorigenesis.  Articles  are  meant  to  provide  the  basis  for 
discussion.  Presenters  should  summarize  s^ient  experimental  data  and  ensure  that  they  devote 
sufficient  time  to  discussing  the  rationale  for  each  study,  and  a  consideration  of  the  results  in  the 
broad  context  of  the  problem  being  addressed. 

Tuesday,  February  3 

Overexpression  of  human  insulin  receptor  substrate  1  induces  cellular  transformation  with 
activation  of  mitogen  activated  protein  kinases.  T.  Ito  et  al.,  Molec.  Cell.  Biol.,  16:  943-951, 
1996. 

Neoplastic  transformation  induced  by  insulin  receptor  substrate  1  overespression  requires  an 
interaction  with  both  Grb2  and  Syp  signaling  molecules.  S.  Tanaka  et  al.,  J.  Biol.  Chem.,  271: 
14610-14616,  1996. 

Thursday,  February  5 

Cooperative  signaling  of  ErbB3  and  ErbB2  in  neoplastic  transformation  and  human  mammary 
carcinomas.  M.  Alimandi  etal..  Oncogene  10:  1813-1821,  1995. 

Tuesday,  February  10 

Activation  of  RET  as  a  dominant  transforming  gene  by  germline  mutations  of  MEN2A  and 
MEN2B.  M.  Santoro  etal..  Science  267:  381-383,  1995. 

Catalytic  specificity  of  protein  tyrosine  kinases  is  critical  for  selective  signalling.  S.  Zhou  et  al.. 
Nature  373:  536-539,  1995. 

Thursday,  February  12 

Sequential  requirement  of  hepatocyte  growth  factor  and  neuregulin  in  the  morphogenesis  and 
differentiation  of  the  mammary  gland.  Y.  Yang  etal.,  J.  Cell  Biol.  131:  215-226, 1995. 

NDF/heregulin  induces  persistence  of  terminal  end  buds  and  adenocarcinomas  in  the  mammary 
glands  of  transgenic  mice.  I.M.  Krane  and  P.  Leder,  Oncogene  12:  1781-1788, 1996. 

Tuesday,  February  18 

ErbB3  and  ErbB2/neu  mediate  tire  effect  of  heregulin  on  acetylcholine  receptor  gene  expression  in 
muscle:  differential  expression  at  the  endplate.  N.  Altoil  et  al.,  EMBO  J.  14:  4258-4266, 1995. 

Induction  of  acetylcholine  gene  expression  by  ARIA  requires  aetivation  of  mitogen-activated 
protein  kinase.  J.  Si  et  al.,J.  Biol.  Chem.  271:  19752-19759,  1996. 


Thursday,  February  20 

The  Epstein-Barr  virus  latent  membrane  protein  1  indices  expression  of  the  epidermal  growth 
factor  receptor.  W.E.  Miller  et  al.,  J.  Virol.,  69:  4390-4398,  1995. 

Reversible  tumorigenesis  by  conditional  expression  of  the  HER2/c-erZ7B2  receptor  tyrosine  kinase. 
S.  Baasner  era:/.,  Oncogene.  13:  901-911, 1996. 

Tuesday,  February  25 

Inactivation  of  the  type  II  TGF-p  receptor  in  colon  cancer  cells  with  microsatelite  instability.  S . 
Markowitz  e?  a/.,  i5c/ence  268:  1276-1277, 1995. 

TGPpi  inhibits  the  formation  of  benign  skin  tumors,  but  enhances  progression  to  invasive  spindle 
carcinomas  in  transgenic  mice.  W.  Cui  etal.,  Cell  86:  531-542, 1996. 

Thursday,  February  27 

branchless  encodes  a  drosphila  FGF  homolog  that  controls  tracheal  cell  migration  and  the  pattern 
of  branching.  D.  Sutherland  etal..  Cell  87:1091-1101, 1996. 

Tuesday,  March  4 

The  function  of  KGF  in  morphogenesis  of  epithelium  and  leepithelialization  of  wounds.  S . 
Werner  et  al..  Science  266:  819-822,  1994. 

Modulation  of  keratinocyte  growth  factor  and  its  receptor  in  reepithelializing  human  skin.  C. 
Marchese  etal.,J.  Exp.  Med.  182:  1369-1376,  1995. 

Thursday,  March  6 

Fibroblast  growth  factor  receptor  3  is  a  negative  regulator  of  bone  growth.  C.  Deng  et  al.  Cell  84: 
911-921,  1996. 

Graded  activation  of  fibroblast  growth  factor  receptor  3  by  mutations  causing  achondroplasia  and 
thanatrophic  dysplasia.  M.C.  Naski  etal, Nat.  Genet.  13:  233-237,  1996. 


Advanced  Topics  in  Cancer  Biology  (Spring,  1997) 

Module  II:  DNA  Recombination  and  Repair 
Part  II:  DNA  Repair 
Lecturer:  Pan  (5-8115) 

Topic  I:  Mismatch  Repair  Pathway  in  Exoli 
Time:  03/27/97,  Thursday,  l:30-3:00pm 

1)  Primary  forms  of  DNA  damage  and  their  repair 

2)  Mechanism  of  methyl-directed  E.coli  mismatch  repair 

Article  to  be  presented:  Lahue,  R.S.,  Su,  S.-S.,  and  Modrich,  P.  Requirement 
for  d(GATC)  sequences  in  E.coli  mutHLS  mismatch  correction.  PNAS 
84: 1482-1486.  (1987). 

Speaker:  Lisa 

Suggested  readings:  Modrich,  P.  and  Lahue,  R.  Mismatch  repair  in 

replication  fidelity,  genetic  recombination,  and  cancer  biology.  Annu. 
Rev.  Biochem.  65:101-133.  (1996) 


Topic  II:  Mismatch  Repair  in  Eukaryotes 
Time:  04/01/97,  Tuesday,  l:30-3:00pm 

1)  Mutator/RER  and  microsatellite  instability  in  Hereditary  Nonpolyposis 

Colorectal  Cancer  (HNPCC) 

2)  Identification  of  eukaryotic  Mut  gene  homologues  and  their  role  in 

HNPCC  predisposition 

3)  Comparison  between  eukaryotic  and  E.coli  mismatch  repair  pathways 
Article  to  he  presented:  Fisher  et  al.  The  human  mutator  gene  homolog 

MSH2  and  its  association  with  hereditary  nonpolyposis  colon  cancer. 
Cell  75:  1027-1038.  (1993). 

Speaker:  Joanne 

Suggested  readings:  1)  Modrich,  P.  and  Lahue,  R.  Mismatch  repair  in 

replication  fidelity,  genetic  recombination,  and  cancer  biology.  Annu. 
Rev.  Biochem.  65:101-133.  (1996);  2)  Kinzler,  K.W.  and  Vogelstein,  B. 
Lessons  from  hereditary  colorectal  cancer.  Cell  87:  159-170.  (1996) 


Topic  III:  Nucleotide  Excision  Repair  and  Xeroderma  Pigmentosum 
Time:  04/03/97,  Thursday,  l:30-3:00pm 

1)  Mechanism  of  E.coli  nucleotide  excision  repair 

2)  Identification  of  genes  responsible  for  xeroderma  pigmentosum 

3)  Mechanism  of  nucleotide  excision  repair  in  eukaryotes 

Article  to  be  presented:  Weeda  et  al.  A  presumed  DNA  helicase  encoded  by 
ERCC3  is  involved  in  the  human  repair  disorders  xeroderma 
pigmentosum  and  Cockayne's  syndrome.  Cell  62:  777-791.  (1990) 
Speaker:  Fabio 


Suggested  readings:  Sancar,  A.  DNA  excision  repair.  Annu.  Rev.  Biochem. 
65:43-81.  (1996) 


Topic  IV:  Transcription  Coupled-Nucleotide  Excision  Repair  and  Cockayne's 
Syndrome 

Time:  04/08/97,  Tuesday,  l:30-3:00pm 

1)  Preferential  repair  of  lesions  in  transcribed  DNA  strands  in  E.coli  and 

humans 

2)  Mechanism  of  E.coli  transcription  coupled-nucleotide  excision  repair 

3)  Identification  of  genes  responsible  for  Cockayne's  syndrome 

Article  to  be  presented:  Selby.  C.P.  and  Sancar,  A.  Molecular  mechanism  of 
transcription-repair  coupling.  Science  260:  53-58.  (1993) 

Speaker:  Fusen 

Suggested  readings:  Sancar,  A.  DNA  excision  repair.  Annu.  Rev.  Biochem. 
65:43-81.  (1996) 

Topic  V:  DNA  Damage-Responsive  Cell  Cycle  Checkpoints 
Time:  04^/10197,  Thursday,  l:30-3:00pm 

1)  SOS  response  to  DNA  damage  in  E.coli 

2)  Transformation  of  DNA  damage  during  the  cell  cycle 

3)  Consequences  of  checkpoint  failure 

4)  MECl  and  ATM:  Conservations  between  yeast  and  mammalian 

checkpoints 

Article  to  be  presented:  Paulovich,  A.G.  and  Hartwell,  L.H.  A  checkpoint 
regulates  the  rate  of  progression  through  S  phase  in  S.  cerevisiae  in 
response  to  DNA  damage.  Cell  82:  841-847.  (1995) 

Speaker:  Jianbo 

Suggested  readings:  1)  Elledge,  S.J.  Cell  cycle  checkpoints:  preventing  an 
identity  crisis.  Science  274:  1674-1672.  (1996);  2)  Paulovich,  A.G., 
Toczyski,  D.P.  and  Hartwell,  L.H.  When  checkpoints  fail.  Cell  88:  315- 
321.  (1997) 


Advanced  Topics  in  Cancer  Biology 
Module  III:  Apoptosis 
Part  I:  4/15/97-4/29/97 
X.  Wu 

1.  Cloning  of  a  major  cystein  protease  Cpp32/Y ama?apopin/Capase  3.  its  properties  and 
inhibitors 

(Nicholson  et  al.,  1995;  Tewari  et  al,  1995) 

Show  a  introductory  pathway  and  ICE  family  members. 

2.  Interaction  of  CED3/ICE,  CED4,  and  CED9/Bcl-2  family  proteins 

Chinnaiyan,  A.  M.;  O’Rourk,  K.;  Lane,  B.  R.;  and  Dixit,  V.  M  (1997)  Interaction  of 
CED-4  with  CED-3  and  CED-9:  A  molecular  frame  work  for  cell  death.  Science  275:  1 122- 
1126 

Wu,  D.,  Wallen,  H.  D.  and  Nunez,  G.  (1997)  Interaction  and  regulation  of  subcellular 
locolization  of  CED-4  by  CED-9.  Science  275:  1126-1129. 

3.  Cell  free  extracts  of  apoptosis:  contribution  of  mitochondria 

Yang,  J.,  Liu,  X.,  Bhalla,  K.,  Kim,  C.  N.,  Ibrado,  A.  M.,  Cai,  J.,  Peng,  T.-L,  Jonrs,  D. 
P.,  and  Wang,  X.  (1997)  Prevention  of  apoptosis  by  Bcl-2:  Release  of  cytochrome  C 
from  mitochondria  blocked.  Science  275-1 129-1132. 

Kluck,  R.  M.,  Bossy-Wetzel,  E.,  Green,  D.  R.,  and  Newmeyer,  D.  D.  The  release  of 
cytochrome  c  from  mitochondria:  A  primary  site  for  Bcl-2  regulation  of  apoptosis.  Science 
275:  1132-1136. 

4.  Death-domain  containing  proteins-  TNF  and  FAS/APO-1  induced  apoptosis. 
(Chinnaiyan  et  al.,  1995;  Hsu  et  al.,  1995;  Stanger  et  al.,  1995) 

5.  Death  adaptors,  Mach/FLICE,  RAIDD 
Boldin  et  al  Cell  1996,  85:  803-815 

Chinnaiyan,  A.  M.,  O'Rourke,  K.,  Tewari,  M.,  and  Dixit,  V.  M.  (1995).  FADD,  a  novel 
death  domain-containing  protein,  interacts  with  the  death  domain  of  Fas  and  initiates 
apoptosis.  Cell  81,  505-12. 

Hsu,  H.,  Xiong,  J.,  and  Goeddel,  D.  V.  (1995).  The  TNF  receptor  1-associated  protein 
TRADD  signals  cell  death  and  NF-kappa  B  activation.  Cell  81, 495-504. 

Nicholson,  D.  W.,  Ali,  A.,  Thomberry,  N.  A.,  Vaillancourt,  J.  P.,  Ding,  C.  K.,  Gallant, 
M.,  Gareau,  Y.,  Griffin,  P.  R.,  Labelle,  M.,  Lazebnik,  Y.  A.,  and  et  al.  (1995). 
Identification  and  inhibition  of  the  ICE/CED-3  protease  necessary  for  maihmalian  apoptosis 
[see  comments].  Nature  376,  31 -A3. 

Stanger,  B.  Z.,  Leder,  P.,  Lee,  T.  H.,  Kim,  E.,  and  Seed,  B.  (1995).  RIP:  a  novel  protein 
containing  a  death  domain  that  interacts  with  Fas/APO-1  (CD95)  in  yeast  and  causes  cell 
death.  Cell  81,  513-23. 

Tewari,  M.,  Quan,  L.  T.,  O'Rourke,  K.,  Desnoyers,  S.,  Zeng,  Z.,  Beidler,  D.  R., 

Poirier,  G.  G.,  Salvesen,  G.  S.,  and  Dixit,  V.  M.  (1995).  Yama/CPP32  beta,  a 
mammalian  homolog  of  CED-3,  is  a  CrmA-inhibitable  protease  that  cleaves  the  death 
substrate  poly(ADP-ribose)  polymerase.  Cell  81,  801-9. 


Advanced  Topics  in  Cancer  Biology 
Module  III:  Apoptosis 

Apoptosis  and  Cancer 
Jim  Manfredi  (East  Bldg  15-23B,  5-8110) 

Session  #1:  p53-dependent  apoptosis 

Yonish-Rouach,  E.,  D.  Resnitzky,  J.  Lotem,  L.  Sachs,  A.  Kimchi,  and  M.  Oren. 
1991.  Wild-type  p53  induces  apoptosis  of  myeloid  leukaemic  cells  that  is  inhibited  by 
interleukin-6.  Nature  352:345-347. 

Lowe,  S.  W.,  E.  M.  Schmitt,  S.  W.  Smith,  B.  A.  Osborne,  and  T.  Jacks.  1993. 
p53  is  required  for  radiation-induced  apoptosis  in  mouse  thymocytes.  Nature  362:847-849. 

Howes,  K.  A.,  N.  Ransom,  D.  S.  Papermaster,  J.  G.  Lasudry,  D.  M.  Albert,  and 
J.  J.  Windle.  1994.  Apoptosis  or  retinoblastoma:  alternative  fates  of  photoreceptors  expressing 
the  HPV-16  E7  gene  in  the  presence  or  absence  of  p53.  Genes  Dev.  8:1300-1310. 


Session  #2:  p53:  molecular  mechanisms 

Haupt,  Y.,  S.  Rowan,  E.  Shaulian,  K.  H.  Vousden,  and  hi.  Oren.  1995.  Induction 
of  apoptosis  in  HeLa  cells  by  trans-activation-deficient  p53.  Genes  Dev.  9:2170-2183. 

Ludwig,  R.  L.,  S.  Bates,  and  K.  H.  Vousden.  1996.  Differential  activation  of  target 
cellular  promoters  by  p53  mutants  with  impaired  apoptotic  function.  Mol.  Cell.  Biol. 
16:4952-4960. 


Session  #3:  ElA-  and  myc-dependent  apoptosis  and  p53 

Lin,  H.-J.  L.,  V.  Eviner,  G.  C.  Prendergast,  and  E.  White.  1995.  Activated  H-ra^ 
rescues  ElA-induced  apoptosis  and  cooperates  with  ElA  to  overcome  p53-dependent  growth 
arrest.  Mol.  Cell.  Biol.  15:4536-4544. 

Wagner,  A.  J.,  J.  M.  Kokontis,  and  N.  Hay.  1994.  Myc-mediated  apoptosis  requires 
wild-type  p53  in  a  manner  independent  of  cell  cycle  arrest  and  the  ability  of  p53  to  induce 
p21wafl/cipl.  Genes  Dev.  8:281%2830. 


Session  #4:  bcl-2  family;  molecular  mechanisms 

Yang,  E.,  J.  Zha,  J.  Jockel,  L.  H.  Boise,  C.  B.  Thompson,  and  S.  J. 
Korsmeyer.  1995.  Bad,  a  heterodimeric  partner  for  Bcl-XL  and  Bcl-2,  displaces  Bax  and 
promotes  cell  death.  Cell  80:285-291. 

Yin,  X.  M.,  Z.  N.  Oltval,  and  S.  J.  Korsmeyer.  1994.  BHl  and  BH2  domams  of  Bcl-2 
are  required  for  inhibition  of  apoptosis  and  heterodimerization  with  Bax.  Nature  369:321-323. 


Session  #5:  role  for  apoptosis  in  tumorigenesis  and  chemotherapeutic  response 


Knudson,  C.  M.,  K.  S.  Tung,  W.  G.  Tourtellotte,  G.  A.  Brown,  and  S.  J. 
Korsmeyer.  1995.  Bax-deficient  mice  with  lymphoid  hyperplasia  and  male  germ  cell  death. 
Science  270:96-99. 

Yin,  C.,  C.  M.  Knudson,  and  T.  Van  Dyke.  1997.  Bax  suppresses  tumorigenesis  and 
stimulates  apoptosis  in  vivo.  Nature  385:637-640. 

Lowe,  S.  W.,  H.  E.  Ruley,  T.  Jacks,  and  D.  E.  Housman.  1993.  p53-dependent 
apoptosis  modulates  the  cytotoxicity  of  anticancer  agents.  Cell  74:957-967. 


Advanced  Signal  Transduction 

Winter-Spring  1997 

This  course  will  introduce  the  student  to  the  biochemical  and  molecular  details  of  cellular 
signaling  systems.  Pathways  covered  include  G  protein  signaling  systems,  PKA  and  PKC; 
RTKs  and  non-receptor  tyrosine  kinases,  small  GTPases  and  MAPK  cascades;  Cytokine 
receptors  and  JAK-STAT  signaling;  Ser-Thr  kinase  receptors  (TGPP)  and  MAD  signaling; 
ICE-protease  family  members  and  apoptotic  signaling;  and  the  NO-cGMP  pathway.  Other 
topics  include  transcription  machinery  and  their  regulation  by  signaling  pathways  and  cell 
surface  and  intracellular  ion  channels.  The  course  will  conclude  with  a  module  on  the  function 
of  signaling  pathways  in  integrated  systems.  Systems  to  be  analyzed  include  a  sensory  model: 
taste;  a  neural  model:  long-term  potentiation  of  synaptic  responses;  and  a  developmental 
model.  All  lectures  will  use  the  primary  literature  and  discuss  key  experiments  in  the  field. 
Assigned  readings  will  include  review  articles  and  primary  literature. 

Prerequiste:  Students  should  have  successfully  completed  Core  I  or  prior  approval  of  the 
Course  Co-ordinator  is  required. 

Time:  M-W  10-12  noon 

Place:  BSB-244 


Lecture  Date 


At  the  Cell  Surface 


1 

Jan  8 

2 

Jan  13 

3 

Jan  15 

Jan  20 

4 

Jan  22 

5 

Jan  27 

6 

Jan  29 

7 

Feb  3 

8 

Feb  5 

9 

Feb  10 

10 

Feb  12 

10 

Feb  18* 

11 

Feb  19 

12 

Feb  24 

13 

Feb  26 

14 

Mar  3 

15 

Mar  5 

16 

Mar  10 

17 

Mar  12 

18 

Mar  17 

19 

Mar  19 

20 

21 

Mar  24 

22 

Mar  26 

23 

Mar  31 

24 

Apr  2 

25 

Apr  7 

26 

Apr  9 

In  the 

Nucleus 

27 

Apr  14 

28 

Apr  16 

29 

Apr  21 

30 

Apr  23 

31 

Apr  28 

32 

Apr  30 

Integrated  Systems 

33 

May  5 

34 

May  7 

35 

May  12 

36 

May  14 

37 

May  19 

Lecture  Title 


Lecturer 


and  Cytoplasm 

Organization  of  Signaling  Systems 
Growth  Factors 
Receptor  Tyrosine  Kinases 
NO  CLASS-  ML  King  Day 
Domains  in  RTK  effectors 
Structural  Aspects  of  SH2,  SH3  and 
phospho-tyrosine  interactions  (Ihr) 

Growth  factor  Signaling  -I 
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The  regulation  of  human  androgen  receptor  (AR)  by 
the  molecular  chaperone  Hsp90  was  investigated  using 
the  yeast  Saccharomyces  cerevisiae  as  a  model  system. 
These  studies  were  performed  in  strains  expressing  a 
conditional  temperature-sensitive  mutant  allele  of  the 
hsp82  gene,  which  encodes  Hsp90  protein.  At  the  restric¬ 
tive  temperature  in  the  mutant,  there  is  a  decrease  in 
hormone-dependent  transactivation  by  the  AR,  al¬ 
though  steady  state  levels  of  AR  protein  are  unchanged. 
Quantitative  hormone  binding  studies  at  the  permissive 
temperature  revealed  the  presence  of  both  high  affinity 
and  low  affinity  hormone  binding  states.  At  the  restric¬ 
tive  temperature  in  the  hsp82  mutant,  the  high  affinity 
state  was  abolished,  and  only  the  low  affinity  state  was 
observed.  The  change  in  hormone  binding  affinity  was 
further  investigated  by  a  competition  assay  with  the 
anti-androgen  hydroxyflutamide.  Under  permissive 
conditions,  hydroxyflutamide  competes  poorly  for  the 
synthetic  androgen  R1881,  but  under  restrictive  condi¬ 
tions  in  the  hsp82  mutant  strain,  hydroxyflutamide  was 
shown  to  be  a  potent  competitive  inhibitor.  Our  findings 
indicate  that  Hsp90  participates  in  the  activation  proc¬ 
ess  by  maintaining  apoAR  in  a  high  affinity  ligand  bind¬ 
ing  conformation  which  is  important  for  efficient  re¬ 
sponse  to  hormone. 


Steroid  hormones  bind  to  intracellular  receptors  and  trans¬ 
form  them  into  active  transcription  factors  (see  Ref.  1  for  re¬ 
view).  Prior  to  ligand  binding,  the  inactive  apo-receptors  are 
maintained  in  a  heterocomplex  with  several  molecular  chaper¬ 
ones.  Among  these  are  Hsp90  and  Hsp70  as  well  as  several 
other  proteins,  some  that  have  been  characterized  as  peptidyl- 
prolyl  isomerases  and  some  that  remain  relatively  uncharac¬ 
terized.  Among  the  latter  are  three  proteins  called  p60  (2),  p48 
(3,  4),  and  p23  (5).  It  appears  that  all  of  these  proteins  are 
bound  to  steroid  hormone  receptors  indirectly  via  Hsp90  (see 
Refs.  6-8  for  reviews). 

Hsp90  is  required  for  high  affinity  ligand  binding  to  several 
steroid  hormone  receptors,  but  with  different  requirements.  In 
the  case  of  glucocorticoid  receptor  (GR),^  Hsp90  is  required  for 
high  affinity  ligand  binding,  and  in  the  absence  of  the  chaper- 
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one  the  affinity  for  hormone  is  reduced  by  100-fold  (9-11).  High 
affinity  hormone  binding  to  mineralocorticoid  (MR)  and  dioxin 
receptors  similarly  require  Hsp90  (12,  13).  Progesterone  recep¬ 
tor  (PR)  appears  to  behave  differently,  however,  since  high 
affinity  hormone  binding  occurs  in  the  absence  of  Hsp90  at 
4  ®C,  although  not  at  37  °C  (4). 

The  AR  displays  similarity  with  PR  since  high  affinity  hor¬ 
mone  binding  (with  dissociation  constants  {K^  in  the  low  nM 
range)  was  observed  in  vitro  in  the  absence  of  Hsp90.  Studies 
by  Nemoto  et  al  (14)  compared  the  affinity  of  hormone  for  AR 
after  in  vitro  expression  in  rabbit  reticulocyte  lysates  and  in 
vivo  expression  ixiEscherichia  coli.  In  these  experiments,  the  in 
vitro  expression  results  in  association  of  AR  with  Hsp90,  while 
expression  inE.  coli  does  not.  Nemoto  et  al.  (14)  observed  small 
differences  in  the  affinity  of  hormone  for  AR  in  these  two 
systems,  but  concluded  that  these  were  not  the  consequence  of 
Hsp90  binding. 

We  have  utilized  the  yeast  system  as  an  in  vivo  environment 
in  which  to  study  the  role  of  Hsp90  in  AR  regulation.  Previous 
studies  revealed  that  AR  function  is  hormone  dependent  in 
yeast  cells,  suggesting  conservation  in  the  regulatory  machin¬ 
ery  that  controls  activation  (15, 16).  Furthermore,  yeast  strains 
expressing  reduced  amounts  or  mutant  forms  of  Hsp90  are 
defective  for  transactivation  by  estrogen,  GR,  MR,  and  PR  (11, 
17-19).  Using  yeast  strains  expressing  a  mutant  form  of  a  gene 
encoding  Hsp90,  we  tested  how  Hsp90  loss  of  function  affected 
AR  activity. 

EXPERIMENTAL  PROCEDURES 

Yeast  Strains  and  Plasmids —Yeast  strains  used  in  this  study  are 
described  in  Table  I.  Yeast  cultures  were  grown  under  standard  condi¬ 
tions  in  medium  containing  0.67%  yeast  nitrogen  base  (Difco),  2% 
dextrose,  and  appropriate  amino  acid  supplements.  Transformation  of 
plasmids  into  yeast  cells  was  performed  according  to  method  described 
by  Gietz  et  al.  (20).  Plasmids  that  express  the  AR  (pARU  and  pARH) 
were  derived  from  pGl-hAR  (16).  pARU  was  constructed  by  inserting  a 
blunt-ended  URA3  gene  fragment  into  ^^coRV-linearized  pGl-hAR 
(within  the  TRPl  gene).  pARH  was  constructed  by  inserting  a  blunt- 
ended  H1S3  gene  fragment  into  £^coRV-linearized  pGl-hAR. 
pPGKareLacZC  contains  the  lacZ  gene  under  control  of  three  cis-acting 
androgen  response  elements  as  described  by  Purvis  et  al.  (15). 

p-Galactosidase  Activity  Assay  —Yeast  cultures  were  grown  to  the  log 
phase  and  incubated  at  25  or  37  for  30  min  prior  to  addition  of 
dihydrotestosterone  (DHT)  for  1  h.  Assays  for  j3-galactosidase  activity 
in  whole  cell  extracts  were  as  described  previously  (16). 

Hormone  Binding  Assays— Yeast  cells  were  grown  to  early  log  phase 
(Aqoo  ^  9.2)  and  preinucbated  at  25  or  37  in  1-ml  aliquots  for  30  min. 
®H-R1881  (New  England  Nuclear)  was  added  to  the  cultures  (usually 
diluted  1:20  or  1:50  with  unlabeled  R1881  in  ethanol)  in  the  presence 
and  absence  of  a  167-fold  excess  of  DHT.  The  cells  were  further  incu¬ 
bated  for  90  min,  washed  three  times  with  1  ml  of  water,  and  counted 
in  5  ml  of  scintillation  fluid  in  a  scintillation  counter.  Specific  binding 
was  determined  by  subtracting  the  counts/min  from  samples  incubated 
with  DHT  (giving  background  counts/min)  from  samples  incubated 
without  DHT.  The  background  counts/min  were  approximately  5%  of 
total  counts. 

Competition  assays  were  performed  by  incubating  yeast  cells  with 
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Table  I 

Yeast  strains  used 


Strain® 

Genotype 

Source 

W3031b 

ACY44 

GPDHsp82 

GPDHsp82*^P 

ACY88 

ACY89 

P82a 

G170Da 

ACY98 

ACY99 

ACYIOO 

ACYlOl 

a  ade2-l  leu2-3,112  his3-ll,15  trpTl  ura3-l  canl-100 
a  ade2  leu2  his3  trpl  ura3  canl  pGl-liAR  pPGKareLacZI 

a  ade2  leu2  his3  trpl  ura3  canl  (hsc82:  y-LEU2)  (hsp82’.>LEU2)  (pep4  '  ‘HlS3)  pTGPDHsp82 
a  ade2  leu2  his3  trpl  uraS  canl  (hsc82::LEU2)  (hsp82:-.LEU2)  (pep4.'HIS3)  pTGPD-H-Hsp82 
GPDHsp82  with  pARU 

GPDHsp82^P  with  pARU 

a  ade2  leu2  his3  trpl  ura3  canl  (hsc82  '  ‘LEU2)  (hsp82  '  ',LEU2)  pTGPDHsp82 
a  ade2  leu2  his3  trpl  ura3  canl  (hsc82  '.  '-LEU2)  (hsp82',:LEU2)  pTGPpd/Tl-lOl 

P82a  with  pARH 

G170Da  with  pARH 

P82a  with  pARH  &  pPGKareLacZC 

G170Da  with  pARH  &  pPGKareLacZC 

Thomas  and  Rothsthein  (37) 
Caplan  et  al.  (16) 

Chang  and  Lindquist  (21) 
Chang  and  Lindquist  (21) 
This  study 

This  study 

Nathan  and  Lindquist  (19) 
Nathan  and  Lindquist  (19) 
This  study 

This  study 

This  study 

This  study 

“  All  strains  are  derived  from  W303. 
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Fig.  1.  Interaction  of  AR  with  yeast  Hsp90.  A,  Immunoprecipita- 
tion  of  AR  from  yeast  whole  cell  extracts  with  immune  antisera  {lanes 
1  and  3)  and  preimmune  antisera.  Extracts  were  prepared  from  strains 
expressing  AR  (ACY44;  lanes  2  and  3)  or  not  expressing  AR  (W3031b). 
Western  blot  analysis  of  the  immunoprecipitates  was  performed  with 
antiserum  against  AR  {upper  panel)  and  Hsp90  {lower  panel).  Data  are 
from  three  nonconsecutive  lanes  from  the  same  gel  and  Western  blots. 
R,  affinity  purification  of  HiSg-HspOO  from  yeast  strains  expressing  the 
AR  and  Hisg-fusion  of  Hsp90  {H6,  ACY89)  or  wild  type  Hsp90  {WT, 
ACY88).  Samples  of  whole  cell  extracts  {lanes  1  and  2)  and  eluates  from 
NTA-agarose  beads  {lanes  3  and  4)  were  probed  with  antisera  against 
AR. 


100  nM  ^H-R1881  and  0-500  jxM  hydroxyflutamide  (Scherring-Plough, 
stored  in  ethanol).  The  cells  were  washed  three  times  in  water  and 
counted  in  5  ml  of  scintillant.  Counts/min  for  each  sample  are  presented 
as  a  percentage  of  the  counts/min  from  cells  incubated  without  hydroxy¬ 
flutamide.  All  results  are  the  mean  of  three  to  five  independent 
experiments. 

Immunoprecipitation  of  AR  and  Affinity  Isolation  of  Hsp90  —  For 
immunoprecipitation  of  AR,  cells  were  grown  to  the  log  phase,  har¬ 
vested  by  centrifugation,  and  washed  with  buffer  A  (10  mM  Tris-HCl, 
pH  7.6,  50  mM  NaCl,  1  mM  EDTA,  15  mM  MgClg,  20%  glycerol,  2  mM 
dithiothreitol,  1  mM  phenylmethylsulfonyl  fluoride,  and  1  p.g  each  of 
leupeptin,  pepstatin,  aprotinin,  and  chymostatin).  Extracts  were  pre¬ 
pared  from  cells  in  buffer  A  by  glass  bead  lysis  (five  30-s  bursts  in  a 
BeadBeater  (Biopsec  products),  cooling  on  ice  for  30  s  between  each 
burst).  Crude  lysates  were  precleared  at  4,500  X  g  for  5  min  at  4  °C  and 
cleared  at  100,000  X  g  for  20  min  at  4  in  a  TLA45  rotor.  Triton  X-100 
was  added  to  0.1%,  and  the  protein  concentration  was  adjusted  to  3 
mg/ml.  Immunoprecipitations  were  performed  with  0.4  ml  of  extract  (in 
buffer  A  plus  0.1%  Triton  X-100)  and  3  /llI  of  anti- AR  polyclonal  antibody 
in  a  0.5-ml  Eppendorf  tube  at  4  °C  on  a  nutator.  After  1  h,  2  /xg  of  goat 
anti-rabbit  IgG  were  added,  and  the  reaction  was  continued  for  a 
further  30  min  at  4  ®C.  The  reaction  tubes  were  centrifuged  at  14,000  X 
g  for  5  min  at  4  °C,  and  supernatants  were  transferred  to  new  0.5-ml 
Eppendorf  tubes.  Protein  G-Sepharose  beads  (20  ^1  of  a  50%  slurry  in 
buffer  A)  were  added,  and  the  tubes  were  incubated  on  a  nutator  at  4  °C 
for  a  further  30  min.  The  beads  were  collected  by  centrifugation  (2000  X 
g  for  0.5  min),  transferred  to  a  fresh  1.5-ml  centrifuge  tube,  and  washed 
four  times  in  0.5  ml  of  buffer  A  with  0.2%  Triton  X-100  and  once  with 
buffer  A  alone.  The  beads  were  resuspended  in  SDS-polyacrylamide  gel 
electrophoresis  sample  buffer  and  boiled  before  gel  electrophoresis  of 
bound  proteins. 

Affinity  isolation  of  His-tagged  Hsp90  (Hisg-HspOO)  was  performed 
by  a  modified  version  of  the  procedure  described  by  Chang  and 
Lindquist  (21).  100-ml  yeast  cultures  were  grown  to  log  phase  (Agoo  = 
0.4-0.6)  and  washed  once  in  lysis  buffer  (10  mM  Tris-HCl,  pH  7.5,  50 
mM  NaCl,  50  mM  KCl,  20  mM  NaMo04,  10  mM  MgCl2,  20%  glycerol,  1 


mM  phenylmethylsulfonyl  fluoride,  and  1  pg  each  of  leupeptin,  pepsta¬ 
tin,  aprotinin,  and  chymostatin).  The  cells  were  pelleted,  resuspended 
in  0.8  ml  of  lysis  buffer,  and  broken  in  the  presence  of  1.5  g  of  0.4-mm 
glass  beads  (w/v),  and  crude  lysates  were  cleared  as  described  above. 
500  pi  of  protein  extract  (3  mg/ml)  were  incubated  with  100  pi  of 
Ni-NTA-agarose  beads  (Qiagen,  50%  slurry  in  lysis  buffer)  for  15  min  at 
4  °C  on  a  nutator.  The  beads  were  collected  at  500  X  g  in  a  microcen¬ 
trifuge  and  washed  twice  in  lysis  buffer  plus  5  mM  imidazole  and  twice 
in  lysis  buffer  plus  10  mM  imidazole.  The  beads  were  incubated  with  1 
ml  of  elution  buffer  (lysis  buffer  plus  150  mM  imidazole)  at  4  °C  for  10 
min.  Eluted  proteins  were  precipitated  with  10%  trichloroacetic  acid  in 
the  presence  of  8  pg/ml  insulin  /3-chain  as  carrier  (21). 

MisceZ/aneows- SDS-polyacrylamide  gels  were  prepared  and  run  ac¬ 
cording  to  standard  procedures.  Western  blots  were  performed  as  de¬ 
scribed  previously  (16).  Antisera  to  AR  was  prepared  using  a  mouse 
AR-glutathione  S-transferase  fusion  protein  (containing  residues  133- 
334  of  AR)  in  rabbits.  Antisera  were  prepared  by  Lampire  Biological 
Laboratories,  Pipersville,  PA.  Antisera  to  yeast  Hsp90  were  described 
previously  by  Dey  et  al.  (22). 

RESULTS 

Interaction  of  Hsp90  with  the  Androgen  Receptor— The  ex¬ 
perimental  basis  for  studying  steroid  hormone  receptors  in 
yeast  cells  relies  on  the  conservation  of  the  cellular  machinery 
that  controls  receptor  activation.  This  criterion  is  satisfied  to 
some  extent  by  the  structural  similarity  in  Hsp90  chaperone 
complexes  found  in  yeast  and  higher  eukaryotes  (21).  Further¬ 
more,  complexes  betw^een  GR  and  yeast  Hsp90  have  been  char¬ 
acterized  (11, 18,  21).  For  the  present  study,  we  confirmed  that 
AR  could  also  form  a  specific  complex  with  Hsp90  in  wild  type 
yeast  cells. 

In  the  experiment  shown  in  Fig.  lA,  the  AR  was  immuno- 
precipitated  from  wild  type  yeast  whole  cell  extracts,  and  the 
presence  of  Hsp90  was  detected  after  Western  blot  analysis. 
Co-immunoprecipitation  of  Hsp90  with  AR  was  considered  spe¬ 
cific  since  it  occurred  neither  with  preimmune  sera  (Fig.  lA, 
lane  2)  nor  with  immune  sera  incubated  with  extracts  from 
cells  not  expressing  AR  (Fig.  lA,  lane  1).  Similarly,  AR  protein 
specifically  co-isolated  with  Hsp90  after  affinity  chromatogra¬ 
phy  (21).  For  the  experiment  shown  in  Fig.  IB,  human  AR  was 
co-expressed  with  an  Hisg-tagged  Hsp90  protein  (His6-Hsp90) 
in  yeast  cells.  Extracts  from  these  cells  were  incubated  with 
NTA-agarose  beads  to  affinity  purify  the  His6-Hsp90  and  Hisg- 
Hsp90  binding  proteins.  Proteins  eluted  from  the  Ni-NTA- 
agarose  beads  were  resolved  by  SDS-PAGE  and  ARs  that  co¬ 
isolated  with  His6-Hsp90  were  detected  by  Western  blot 
analysis  (Fig.  IB,  lane  3),  In  a  similar  experiment  with  non- 
tagged  wild  type  Hsp90,  neither  Hsp90  nor  AR  were  bound  to 
Ni-NTA-agarose  beads  (Fig.  IB,  lane  4). 

These  data  confirm  that  the  interaction  between  Hsp90  and 
AR  occurs  in  yeast,  as  it  does  in  higher  eukaryotes  (14,  23,  24). 
We  next  tested  how  loss  of  Hsp90  function  affected  AR  activa¬ 
tion  using  yeast  strains  expressing  a  mutant  hsp82  gene. 

Transactivation  by  the  Androgen  Receptor  in  Wild  Type  and 
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Fig.  2.  Hormone-dependent  activation  of  AR  in  wild  t^e  and  hsp82  mutant  yeast.  A,  Wild  type  (WT,  ACYIOO)  and  hsp82  mutant 
(ACYlOl)  yeast  strains  expressing  the  AR  were  incubated  without  {lanes  1  and  3)  or  with  (Zanes  2  and  4)  100  nM  DHT  for  1  h  at  25  ®C. 
/3-Gal actosidase  activity  was  measured  in  whole  cell  extracts.  R,  as  in  A  but  at  37  °C.  C,  activation  of  AR  at  subsaturating  concentrations  of  DHT 
at  37  °C  for  1  h  in  wild  type  (WT,  ACYIOO)  and  hsp82  mutant  (ACYlOl)  yeast  strains. 


WT  hsp82 


n  1  2  4  hrs  0  1  2  4  hrs 
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Fig.  3.  Stability  of  AR  protein  in  yeast  at  37  °C.  Wild  tjrpe  (A,  WT, 
ACYIOO)  and  ksp82  mutant  (B,  ACYlOl)  yeast  strains  were  incubated 
at  37  °C  for  the  times  indicated.  Western  blot  analysis  was  used  to 
visualize  the  full-length  AR  protein  {arrow)  and  AR  degradation  prod¬ 
ucts  in  whole  cell  extracts. 

hsp82  Mutant  SZrams— Previous  studies  with  Saccharomyces 
cerevisiae  established  that  Hsp90  is  important  for  hormone 
dependent  transactivation  by  estrogen,  GR,  MR,  and  PR  (11, 
17-19).  For  the  present  study,  a  yeast  strain  expressing  a 
mutant  version  of  the  hsp82  gene  was  used  to  study  the  role  of 
Hsp90  protein  in  AR  regulation.  This  mutant,  first  character¬ 
ized  by  Nathan  and  Lindquist  (19),  is  a  substitution  of  glycine 
170  for  aspartate  in  Hsp90.  Both  endogenous  genes  encoding 
Hsp90  proteins  {HSC82  and  HSP82)  were  deleted  from  this 
strain,  and  the  mutant  hsp82  gene  was  transcribed  constitu- 
tively  from  the  glyceraldehyde-3-phosphate  dehydrogenase 
gene  promoter,  present  on  a  low  copy  number  plasmid.  The 
mutant  strain  is  temperature-sensitive  for  growth  and  is  invi- 
able  above  33  °C.  An  isogenic  wild  type  strain,  viable  at  all 
temperatures  tested,  was  used  as  a  control  for  the  experiments 
shown  below.  This  wild  type  strain  is  also  deleted  for  both 
endogenous  genes  encoding  Hsp90  proteins  and  expresses  the 
wild  type  HSP82  also  from  a  low  copy  number  plasmid  (19). 

To  determine  the  effect  of  Hsp90  loss  of  function  on  AR 
activation,  both  wild  type  and  mutant  {hsp82)  strains  were 
transformed  with  two  plasmids:  one  that  constitutively  ex¬ 
pressed  the  human  AR  and  another  that  expressed  the  E.  coli 
lacZ  gene  under  control  of  the  AR.  lacZ  gene  expression  was 
hormone  dependent  in  these  strains,  and  induction  was  deter¬ 
mined  by  measuring  soluble  /3-galactosidase  activity  in  whole 
cell  extracts. 

Growing  cultures  of  wild  type  and  hsp82  cells  were  incubated 
at  temperatures  that  were  permissive  (25  °C)  or  restrictive 
(37  °C)  for  the  hsp82  strain  in  the  presence  or  absence  of  100  nM 
DHT  for  1  h.  At  25  °C,  similar  levels  of  /3-galactosidase  were 


observed  in  both  strains  after  hormone  addition  (Fig.  2A).  De¬ 
spite  this  similarity,  the  induction  ratio  was  2.4-fold  greater  in 
the  wild  type  (22-fold  above  background)  compared  with  the 
mutant  (9-fold  above  background).  This  occurred  because  un¬ 
induced  /3-galactosidase  levels  in  the  mutant  were  consistently 
2-fold  higher  than  in  the  wild  type.  This  increase  was  AR 
independent  since  it  was  observed  even  in  the  absence  of  the 
AR  in  these  strains  (data  not  shown).  At  37  °C,  induction  in  the 
mutant  was  reduced  to  less  than  3-fold  (Fig.  2B),  compared 
with  a  mean  10-fold  induction  in  the  wild  type.  This  was  partly 
due  to  increased  background  although  total  /3-galactosidase 
levels  were  still  approximately  2-fold  less  in  the  mutant  than  in 
the  wild  type. 

The  induction  difference  between  wild  type  and  hsp82  mu¬ 
tant  strains  was  accentuated  at  subsaturating  DHT  concentra¬ 
tions;  at  10  nM  DHT  for  example,  lacZ  gene  induction  was 
9-fold  in  the  wild  type,  but  less  than  2-fold  in  the  mutant  (Fig. 
2C).  Thus,  in  comparison  to  the  wild  type,  the  mutant  strain 
displayed  a  3-5-fold  decrease  in  hormone  dependent  activation 
at  the  restrictive  temperature,  depending  on  hormone  level. 

These  data  suggested  that  the  AR  had  a  decreased  ability  to 
respond  to  hormone  upon  Hsp90  loss  of  function.  This  was  not, 
however,  a  result  of  decreasing  amounts  of  receptor,  since 
Western  blot  analysis  revealed  similar  AR  protein  levels  in 
both  strains  (Fig.  3)  The  apparent  decrease  in  full-length  AR  in 
the  wild  strain  was  observed  in  other  experiments;  similar 
differences  in  protein  turnover  have  been  reported  for  GR  in 
these  strains  (19). 

Ligand  Binding  to  the  Androgen  Receptor  in  Wild  Type  and 
hsp82  Mutant  Strains— As  described  above,  DHT  fails  to  prop¬ 
erly  activate  AR  in  the  hsp82  mutant,  despite  there  being  little 
change  in  receptor  protein  levels.  One  possible  explanation  for 
these  data  was  that  Hsp90  regulated  ligand  binding  to  the 
receptor.  This  was  investigated  by  calculating  the  hormone 
binding  affinity  of  AR  using  an  in  vivo  ligand  binding  assay.  In 
this  experiment,  growing  yeast  cultures  were  treated  with  ^H- 
R1881  (a  synthetic  androgen)  over  a  range  of  hormone  concen¬ 
trations  at  25  or  37  °C  after  a  30-min  preincubation  at  these 
temperatures.  These  studies  provided  a  basis  for  direct  com¬ 
parison  of  the  binding  characteristics  in  wild  type  and  mutant 
strains.  Binding  of  labeled  androgen  to  these  cells  was  depend¬ 
ent  on  the  presence  of  the  AR,  since  in  its  absence  there  was 
negligible  specific  binding. 

The  binding  data  are  complex  since  there  appeared  to  be  two 
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Fig.  4.  Affinity  of  hormone  for  AR  in  in  wild  type  and  hsp82  mutant  yeast.  A,  titration  of  ^H-R1881  with  wild  type  {wt,  ACy98)  and  hsp82 
mutant  (ACY99)  yeast  cells  at  25  °C  and  30  °C  as  shown.  Inset,  enlarged  view  of  ^H-R1881  titration  from  0-50  nM.  B,  Scatchard  analysis  of  data 
from  wild  type  (WT)  strain  at  25  °C.  Unbroken  line,  high  affinity  sites;  broken  line,  low  affinity  sites.  C,  Scatchard  analysis  of  data  from  wild  type 
{WT)  strain  at  37  ®C.  D,  Scatchard  analysis  of  data  from  hsp82  strain  at  25  °C.  E,  Scatchard  analysis  of  data  from  hsp82  strain  at  37  °C.  Symbols: 
□,  WT  at  25  °C;  ■,  WT  at  37  °C;  A,  hsp82  at  25  °C;  A,  hsp82  at  37  °C.  Each  data  point  is  the  mean  of  three  to  five  separate  experiments. 


WT  hsp82 
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Hydroxyflutamide  (|iM)  Hydroxyflutamide  (^M) 

Fig.  5.  Ligand  competition  assay  in  wild  type  and  hsp82  mutant  yeast.  Wild  t3T)e  (A,  WT,  ACY98)  and  hsp82  mutant  {B,  ACY99)  yeast 
strains  were  incubated  with  100  nM  ^H-R1881  and  0-50  pM  hydroxyflutamide  for  1.5  h  at  25  or  37  as  indicated.  Specific  binding  was  determined 
in  a  scintillation  counter  and  plotted  as  a  percentage  of  the  counts  from  samples  incubated  with  100  nM  ^H-R1881  in  the  absence  of  hydroxyflu¬ 
tamide.  Each  data  point  is  the  mean  of  three  separate  experiments. 


binding  states  that  differed  in  their  affinity  for  the  hormone.  As 
revealed  by  Scatchard  analysis  (Fig.  4,  B-E),  the  high  affinity 
state  was  apparent  in  a  linear  plot  between  2.5  nM  and  50  nM 
R1881,  and  the  low  affinity  state  between  50  nM  and  500  nM 
R1881  (Fig.  4,  B-E,  dotted  lines).  This  was  also  suggested  by 
direct  inspection  of  the  primary  data,  since  hormone  binding 
appeared  to  level  off  at  50  nM  R1881  (except  the  mutant  at 
37  ®C;  see  Fig.  4A,  inset),  but  continued  to  rise  approximately 
2-fold  upon  a  further  10-fold  increase  in  hormone  concentra¬ 


tion.  The  existence  of  both  high  and  low  affinity  states  has  been 
observed  previously  with  retinoic  acid  receptors  expressed  in 
yeast  cells  (30). 

In  Fig.  4,  B-E,  the  high  affinity  state  is  evident  in  the  wild 
t5^e  at  both  temperatures  (with  apparent  values  at  0.8  nM 
and  1.0  nM  at  25  and  37  °C,  respectively)  but  in  the  mutant  only 
at  25  ®C  (apparent  =  2.1  nM).  When  assayed  at  37  ®C,  the 
hsp82  mutant  failed  to  display  the  high  affinity  binding  state 
(Fig.  4E)  and  instead,  showed  only  the  low  affinity  state  (ap- 
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Fig.  6.  Model  for  the  role  of  Hsp90 
in  AR  hormone  binding.  Model  shows 
different  conformational  states  of  the  AR 
ligand  binding  domain  as  a  function  of 
Hsp90  and  hormone.  See  text  for  details. 
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parent  =  46.8  ±  11.2  nM  for  all  samples).  In  these  yeast 
strains,  therefore,  hormone  binds  to  the  AR  with  a  similar 
affinity  to  that  observed  by  other  investigators  in  this  (25)  and 
in  other  systems  (14, 26-28),  but  in  a  manner  that  is  dependent 
on  Hsp90  function. 

The  loss  of  high  affinity  R1881  binding  sites  in  the  hsp82 
mutant  strain  was  further  investigated  by  competition  studies. 
These  were  performed  using  the  anti-androgen  hydroxyflut- 
amide,  which  has  a  relative  binding  affinity  for  AR  that  is 
50-fold  less  than  R1881  (29).  When  tested  at  micromolar  con¬ 
centrations  against  the  AR  in  yeast  cells,  hydrox5dlutamide 
was  an  agonist  in  the  absence  of  DHT  and  an  antagonist  in  the 
presence  of  DHT,^  consistent  with  previous  studies  by  Wong  et 
al,  (28). 

In  the  wild  type  yeast  strain,  there  was  little  competition  for 
^H-R1881  over  a  0 -500-fold  excess  of  cold  hydroxyflutamide, 
either  at  25  or  37  °C.  In  the  hsp82  mutant,  however,  significant 
competition  was  observed  at  the  restrictive  temperature  of 
37  °C,  but  not  at  the  permissive  temperature  of  25  °C  (Fig.  5). 
Only  a  5-fold  excess  of  hydroxyflutamide  was  required  to  re¬ 
duce  the  binding  of  ^H-R1881  to  50%  of  the  starting  level, 
whereas  a  500-fold  excess  reduced  these  levels  by  only  25-30% 
in  the  wild  type  at  either  temperature  or  the  mutant  at  25  °C. 

DISCUSSION 

The  results  presented  in  this  report  indicate  that  Hsp90 
maintains  the  AR  in  a  high  affinity  hormone  binding  confor¬ 
mation.  Upon  Hsp90  loss  of  function,  the  AR  loses  the  high 
affinity  state,  and  as  an  ultimate  consequence,  is  less  active  as 
a  transcription  factor  in  the  presence  of  hormone  (Fig.  2),  Even 
in  wild  type  cells,  however,  there  exist  two  pools  of  receptor, 
one  with  high  hormone  affinity  and  one  of  low  affinity  (Fig.  4). 


While  the  nature  of  the  low  affinity  state  is  unclear,  its  exist¬ 
ence  in  all  cells  may  reflect  an  equilibrium  between  receptors 
that  are  poised  for  activation,  by  having  high  hormone  affinity, 
and  those  that  are  not  (36).  A  model  based  upon  these  data  is 
presented  in  Fig.  6.  In  this  model,  the  apo-receptor  is  shown  to 
be  in  equilibrium  between  low  (L)  and  high  (H)  affinity  states. 
A  third  state  is  shown  corresponding  to  the  active  (A)  receptor. 

In  the  model,  Hsp90  pushes  the  equilibrium  toward  the  high 
affinity  hormone  binding  conformation.  In  this  state,  the  bind¬ 
ing  of  hormone  leads  to  further  structural  changes  that  con¬ 
tribute  to  receptor  activation.  Upon  Hsp90  loss  of  function  (at 
37  °C  in  the  mutant),  the  low  affinity  state  is  favored,  and  in 
the  presence  of  hormone,  the  receptor  is  less  able  to  adopt  the 
active  state.  Although  apparent  even  in  wild  type  cells,  we 
cannot  conclude  that  the  low  affinity  state  measured  as  a 
consequence  of  Hsp90  loss  of  function  is  identical  to  that  which 
occurs  in  the  presence  of  functional  Hsp90. 

While  the  nature  of  the  conformational  changes  in  AR  are 
unknown,  there  are  two  possible  explanations  that  take  into 
account  a  role  for  Hsp90  in  maintaining  the  high  affinity  state. 
The  first  is  that  the  hormone  binding  domain  tends  toward 
instability  in  the  absence  of  Hsp90.  The  role  of  Hsp90  might 
then  be  to  stabilize  a  conformation  in  AR  that  has  a  higher 
affinity  for  hormone.  In  this  sense,  Hsp90  functions  as  a  mo¬ 
lecular  chaperone  by  stabilizing  an  otherwise  unstable  confor¬ 
mation  (33). 

Alternatively,  the  low  affinity  hormone  binding  state  may 
reflect  a  kinetically  trapped  folding  intermediate  that  requires 
not  only  the  action  of  Hsp90  but  also  other  proteins  that  asso¬ 
ciate  with  it.  This  could  conceivably  involve  the  peptidylprolyl 
isomerases  known  to  complex  with  Hsp90  and  steroid  hormone 
receptors  (6,  8),  since  these  ubiquitous  enzymes  are  well  char¬ 
acterized  in  their  role  as  catalysts  of  protein  folding  (31).  In  this 
manner,  Hsp90  differs  from  the  Hsp70  and  Hsp60  (groE)  chap- 


^  Y.  Fang  and  A.  J.  Caplan,  unpublished  data. 
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erone  machines  since  it  integrates  an  enzymatic  activity.  The 
role  of  Hsp90  might  thus  be  likened  to  a  stage  for  the  action  of 
other  chaperones,  or  in  this  case,  enzymes.  Indeed,  it  was 
recently  demonstrated  that  high  affinity  hormone  binding  to 
PR  requires  the  Hsp90-peptidylprolyl  isomerase-p23  complex, 
but  not  the  Hsp90*Hsp70-p60  complex  (34). 

While  the  results  from  our  genetic  approach  strongly  support 
a  role  for  Hsp90  in  maintaining  the  high  affinity  hormone 
binding  state,  they  clearly  contrast  with  previous  studies.  For 
example,  Ohara-Nemoto  et  al.  (32)  and  Nemoto  et  al.  (14) 
observed  only  slight  changes  in  AR  hormone  binding  affinity  in 
the  presence  or  absence  of  Hsp90,  and  Xie  et  al.  (26)  calculated 
a  of  8  nM  for  R1881  binding  to  purified  AR  after  refolding 
denatured  protein  (compared  with  =  5  nM  in  cell  extracts). 
An  important  experimental  difference  rests  with  our  use  of 
yeast  as  an  intracellular  environment  in  contrast  to  the  use  of 
purified  components  or  cell  extracts  in  the  studies  described 
above.  A  more  compelling  interpretation  of  these  differences, 
however,  is  that  the  AR  may  display  a  conditional  Hsp90  de¬ 
pendence  for  high  affinity  hormone  binding.  As  previously 
noted,  AR  displays  some  similarity  with  PR  since  at  low  tem¬ 
peratures  both  receptors  bind  ligand  with  high  affinity  in  the 
absence  of  Hsp90.  At  37  °C,  however,  PR  requires  Hsp90  to 
maintain  the  high  affinity  steroid  binding  conformation  (4).  If 
such  temperature  dependence  also  applied  to  AR,  then  no  sig¬ 
nificant  change  in  hormone  binding  affinity  may  be  expected  at 
4  °C,  but  would  be  apparent  at  37  °C  as  was  shown  in  Fig.  4, 
The  hormone  binding  studies  of  Ohara-Nemoto  et  al.  (32), 
Nemoto  et  al.  (14),  and  Xie  et  al.  (26)  were  all  performed  at  low 
temperature. 

Interestingly,  such  temperature  dependence  does  not  appear 
to  be  a  general  phenomenon  among  steroid  hormone  receptors. 
When  assayed  at  low  temperatures  in  the  absence  of  Hsp90, 
there  is  a  100-fold  decrease  in  the  hormone  binding  affinity  of 
GR,  and  a  1000-fold  change  for  MR  compared  with  studies 
performed  in  the  presence  of  Hsp90  (10,  13).  Such  differences 
suggest  that  Hsp90  has  specific  receptor-dependent  functions. 
In  this  context,  Bohen  and  Yamamoto  (18)  have  characterized 
specific  mutations  in  Hsp90  that  affect  receptors  differentially. 
For  example,  substitution  of  glutamate  431  by  lysine,  has  little 
effect  on  the  function  of  estrogen,  MR,  or  PR,  but  profoundly 
affects  GR.  Different  receptors,  therefore,  have  specialized  re¬ 
quirements,  although  whether  these  reflect  differences  in  de¬ 
gree  or  in  other  specific  needs  is  complex  and  compounded  by 
the  varied  cast  of  Hsp90  binding  proteins. 

Hsp90  binds  to  several  proteins  known  to  be  involved  in 
signal  transduction,  most  of  which  are  transcription  factors  or 
protein  kinases  (35).  What  each  of  these  has  in  common  is  that 
the  cell  must  maintain  them  in  an  “off”  state  prior  to  activation. 
Whether  the  Hsp90  chaperone  machine  has  a  general  role  in 
maintaining  repression  of  these  factors  or  in  facilitating  ligand- 


dependent  activation  may  yet  prove  to  be  a  fundamental  prin¬ 
ciple  of  signal  transduction. 
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Abstracts  Cell  adhesion  molecules  of  the  Ig  superfam¬ 
ily  are  implicated  in  a  wide  variety  of  biological  pro¬ 
cesses,  including  cell  migration,  axon  guidance  and  fas- 
ciculation,  and  growth  control  and  tumorigenesis. 
Expression  of  these  proteins  can  be  highly  dynamic  and 
cell  type  specific,  but  little  is  known  of  the  signals  that 
regulate  such  specificity.  Reported  here  is  the  molecu¬ 
lar  cloning  and  characterization  of  rat  CDO,  a  novel 
cell  surface  glycoprotein  of  the  Ig  superfamily  that  con¬ 
tains  five  Ig-like  repeats,  followed  by  three  fibronectin 
type  Ill-like  repeats  in  its  extracellular  region,  and  a 
256-amino  acid  intracellular  region  that  does  not  re¬ 
semble  other  known  proteins.  In  rat  embryo  fibro¬ 
blasts,  cdo  mRNA  expression  is  maximal  in  confluent, 
quiescent  cells.  It  is  rapidly  and  transiently  down-regu¬ 
lated  by  serum  stimulation  of  such  cells,  and  is  constitu- 


CELL  adhesion  molecules  (CAMs)^  of  the  Ig  super¬ 
family  (IgSF)  are  implicated  in  cell^ell  interactions 
that  mediate,  in  part,  a  wide  variety  of  develop¬ 
mental,  physiological,  and  pathological  processes  (for  re¬ 
views  see  Edelman  and  Crossin,  1991;  Hynes  and  Lander, 
1992;  Brummendorf  and  Rathjen,  1995;  Cunningham, 
1995).  In  general,  CAMs  of  the  IgSF  mediate  Ca^^’-inde- 
pendent,  homo-  and  heterophilic  cell-cell  adhesion.  These 
molecules  typically  possess  an  extracellular  region  that 
consists  of  several  Ig-like  domains  followed,  in  many 
cases,  by  a  number  of  fibronectin  type  III  (FNIII)-like  do¬ 
mains.  Members  of  the  IgSF  that  contain  both  Ig-like  and 
FNIIMike  repeats  (e.g.,  neural  cell  adhesion  molecule 
(N-CAM),  LI,  Fll/contactin,  etc.)  have  been  mainly  im- 
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lively  down-regulated  in  oncogene-transformed  deriva¬ 
tives  of  these  cells.  CDO  protein  levels  are  also 
dramatically  regulated  by  cell-substratum  adhesion,  via 
a  mechanism  that  is  independent  of  cdo  mRNA  expres¬ 
sion.  The  amount  of  CDO  produced  at  the  surface  of  a 
cell  may  therefore  be  governed  by  a  complex  balance  of 
signals,  including  mitogenic  stimuli  that  regulate  cdo 
mRNA  levels,  and  substratum-derived  signals  that  reg¬ 
ulate  CDO  protein  production,  cdo  mRNA  is  ex¬ 
pressed  at  low  levels  in  most  adult  rat  tissues.  A  closely 
related  human  gene  maps  to  chromosome  llq23-24,  a 
region  that  displays  frequent  loss  of  heterozygosity  in 
human  lung,  breast,  and  ovarian  tumors.  Taken  to¬ 
gether,  these  data  suggest  that  loss  of  CDO  function 
could  play  a  role  in  oncogenesis. 


plicated  in  developmental  processes  in  the  nervous  system, 
including  cell  migration,  neurite  extension,  and  axon  guid¬ 
ance  and  fasciculation  (Hynes  and  Lander,  1992;  Tessier- 
Lavigne  and  Goodman,  1996). 

Cell-cell  recognition  also  plays  an  important  role  in  the 
proliferative  capacity  of  cells  both  inside  and  outside  the 
nervous  system,  and  Ig/FNIII  family  members  may  be  in¬ 
volved  in  this  phenomenon  as  well.  For  example,  cell  sur¬ 
face  N-CAM  mediates  contact  inhibition  of  growth  of  a 
mouse  fibroblast  cell  line  (Aoki  et  al.,  1991),  and  addition 
of  soluble  N-CAM  to  primary  cultures  of  rat  astrocytes 
specifically  inhibits  their  proliferation  (Sporns  et  al.,  1995). 

Consistent  with  a  role  for  CAMs  in  controlling  cell  pro¬ 
liferation,  a  large  body  of  evidence  suggests  that  alter¬ 
ations  in  adhesion-mediated  cell  regulation  may  play  a 
role  in  induction  and/or  maintenance  of  the  neoplastic 
phenotype  (for  review  see  Hedrick  et  al.,  1993).  It  has 
been  known  since  the  1940s  that  cancer  cells  display  al¬ 
tered  adhesiveness  when  compared  to  their  normal  coun¬ 
terparts  (Coman,  1944).  Moreover,  malignant  tumors  ex¬ 
hibit  a  loss  of  appropriate  tissue  architecture,  altered  cell 
shape,  cell  crowding,  and  invasiveness.  Tumor  cell  lines,  or 
cells  transformed  in  vitro,  show  a  loss  of  contact  inhibition 
of  growth  and  proliferate  in  an  anchorage-independent 
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fashion.  Although  the  molecular  bases  of  these  pheno¬ 
types  are  still  poorly  understood,  they  may  arise,  in  part, 
because  of  loss  of  expression  or  mutational  inactivation  of 
genes  that  encode  CAMs  (Hedrick  et  al.,  1993;  Berx  et  al., 
1996). 

A  candidate  tumor  suppressor  gene,  DCC,  encodes  a 
member  of  the  Ig/FNIII  family  containing  four  Ig-like  re¬ 
peats,  and  six  FNIII-like  repeats  in  its  extracellular  region 
(Fearon  et  al.,  1990;  Hedrick  et  al.,  1994;  for  reviews  see 
Fearon  and  Pierceall,  1995;  Fearon,  1996).  DCC  was  iso¬ 
lated  by  positional  cloning  in  a  region  of  chromosome  18q 
that  commonly  displays  loss  of  heterozygosity  (LOH)  in 
colorectal  cancers.  DCC  was  included  in  the  region  of  al¬ 
lelic  loss  in  >90%  of  colorectal  cancers  that  exhibited 
LOH  of  18q.  Furthermore,  loss  of  DCC  protein  expression 
in  colorectal  tumors  is  a  negative  prognostic  marker  of 
survival  rate  in  patients  with  stage  II  and  stage  III  disease 
(Shibata  et  al.,  1996).  Additional  studies  of  DCC  expres¬ 
sion  and  allelic  loss  indicated  that  this  gene  may  also  be  in¬ 
volved  in  many  additional  types  of  cancer  and  may  play  a 
role  in  cell  differentiation  (Fearon,  1996).  DCC  was  also 
recently  shown  to  function  as  an  evolutionarily  conserved 
receptor  or  component  of  a  receptor  for  netrin-1,  a  se¬ 
creted  and  membrane-associated  protein  that  acts  as  a 
guidance  cue  for  migrating  axons  in  the  developing  ner¬ 
vous  system  (Chan  et  al.,  1996;  Keino-Masu  et  al.,  1996; 
Kolodziej  et  al.,  1996).  These  data  raise  the  possibility  that 
loss  of  DCC  function  could  alter  the  motility  of  cancer 
cells. 

An  additional  IgSF  member  implicated  in  carcinogene¬ 
sis  is  cell-cell  adhesion  molecule  (C-CAM)/biliary  glyco¬ 
protein,  which  contains  four  Ig-like  domains  in  its  extra¬ 
cellular  region.  Expression  of  the  C^CAMlBgp-l  gene  was 
down-regulated  in  colorectal  and  prostate  malignancies 
(Kleinerman  et  al.,  1995;  Neumaier  et  al.,  1993),  and  ec¬ 
topic  restoration  of  its  expression  suppressed  tumorigenic- 
ity  of  cell  lines  derived  from  such  tumors  (Hsieh  et  al., 
1995;  Kunath  eta!.  ,1995). 

It  is  clear  from  the  studies  cited  above  that  CAMs  of  the 
IgSF  play  a  role  in  coordinating  normal  cellular  architec¬ 
ture,  motility,  and  growth  control,  and  that  loss  of  function 
of  such  molecules  may  play  an  important  role  in  multi¬ 
stage  carcinogenesis.  We  have  previously  developed  and 
characterized  a  panel  of  somatic  cell  mutant  lines  derived 
from  Rat  6  embryo  fibroblasts  that  are  specifically  resis¬ 
tant  to  the  induction  of  anchorage-independent  growth  by 
various  oncogenes  (Krauss  et  al.,  1992;  Feinleib  and  Krauss, 
1996;  Kang  and  Krauss,  1996).  Because  the  oncogene- 
resistant  phenotype  of  these  cells  was  dominant  in  somatic 
cell  hybridizations,  we  sought  to  isolate  genes  whose  ex¬ 
pression  is  up-regulated  in  the  mutant  cell  lines  relative  to 
a  transformation-sensitive  control  cell  line.  Reported  here 
is  the  molecular  cloning  and  characterization  of  a  rat  gene 
designated  cdo  (CAM-related/down-regulated  by  onco¬ 
genes),  which  encodes  a  novel  transmembrane  member  of 
the  Ig/FNIII  family.  In  rat  fibroblasts,  cdo  expression  is 
maximal  in  confluent,  quiescent  cells,  cdo  mRNA  and  pro¬ 
tein  levels  are  strongly,  but  transiently,  reduced  when  such 
cells  are  stimulated  to  reenter  the  cell  cycle  and  are  consti- 
lutively  down-regulated  in  oncogene-transformed  deriva¬ 
tives  of  these  cells.  Furthermore,  CDO  protein  levels  are 
strikingly  regulated  by  cell-substratum  adhesion,  with  a 


mechanism  that  is  independent  of  cdo  mRNA  expression. 
A  closely  related  human  gene  maps  to  chromosome 
llq23-24,  a  region  that  displays  LOH  in  human  lung,  breast, 
and  ovarian  tumors.  Taken  together,  these  data  suggest 
that  loss  of  CDO  function  might  play  a  role  in  oncogenesis. 

Materials  and  Methods 

Cell  Culture 

All  Rat  6-denved  cell  lines  were  routinely  maintained  in  DME  plus  10% 
bovine  calf  serum,  as  previously  described  (Krauss  et  al.,  1992).  NIH  3T3 
and  NIH  3T3/rrt5  cells  were  cultured  in  DME  plus  5%  FBS.  Soft  agar  as¬ 
says  and  preparative  methylcellulose  cultures  were  performed  as  previ¬ 
ously  described  (Kang  and  Krauss,  1996).  Cells  were  harvested  from  pre¬ 
parative  methylcellulose  cultures  48  h  after  inoculation  into  the  semisolid 
medium,  and  were  >98%  viable  as  assessed  by  trypan  blue  dye  exclusion 
and  replaling  assays  (Kang  and  Krauss.  1996).  For  serum  stimulation  ex¬ 
periments,  confluent  cultures  of  Rat  6  cells  were  washed  twice  with  PBS, 
and  fed  with  DME  plus  0.1%  calf  serum.  After  48  h,  the  cultures  were 
refed  with  DME  plus  20%  calf  serum  and  harvested  for  analysis  at  various 
time  points  thereafter. 

RNA  Isolation,  Library  Construction,  and  Screening 

RNA  used  for  cDNA  library  construction  was  prepared  by  the  guanidine 
thiocyanate/cesium  chloride  centrifugation  method  (Chirgwin  et  al.,  1979), 
and  the  poly(A)^  fraction  was  isolated  by  oligo(dT)-cellulose  chromatog¬ 
raphy  (Aviv  and  Leder,  1972).  RNA  used  for  Northern  blot  analyses  was 
isolated  either  as  described  above  or  with  the  TRIzol  reagent  (GIBCO 
BRL,  Gaithersburg,  MD),  which  was  used  according  to  the  manufac¬ 
turer's  instructions. 

An  oligo(dT)-primed  cDNA  library  was  constructed  in  XZAPII  (Strat- 
agene.  La  Jolla,  CA)  with  mRNA  isolated  from  the  transformation-resis¬ 
tant,  mutant  cell  line,  R-la  (Krauss  et  al.,  1992).  The  library  was  con¬ 
structed  with  the  Superscript  Choice  system  kit  from  GIBCO  BRL,  and 
was  screened  by  differential  hybridization  (Johnson  et  al.,  1987)  with 
'^-P-labeled  cDNA  prepared  from  R-la  and  control,  transformation-sensitive 
PKC3-F4  cells.  One  clone  that  exhibited  a  greater  signal  with  R- la-derived 
cDNA,  relative  to  PKC3-F4-denved  cDNA.  represented  a  partial  cDNA 
for  cdo.  Clones  representing  a  nearly  full-length  cDNA  w-ere  isolated 
from  a  random-primed  XZAPII  library  constructed  with  mRNA  from  Rat 
6  cells.  A  human  cDNA  that  is  closely  related  to  rat  cdo  was  isolated  by 
screening  human  fetal  lung  and  fetal  brain  cDNA  libraries  (obtained  from 
A.  Chan  and  S.  Aaronson,  Mount  Sinai  School  of  Medicine;  and  Clontech, 
Palo  Alto,  CA,  respectively)  with  the  full  length  rat  cdo  cDNA. 

DNA  Sequencing  and  Computer  Analysis 

DNA  sequencing  was  carried  out  by  a  combination  of  manual  and  auto¬ 
mated  methods.  Manual  sequencing  was  performed  with  a  Sequenase  2.0 
kit  (United  States  Biochemical  Corp.,  Cleveland,  OH).  Automated  se¬ 
quencing  was  performed  at  the  Mount  Sinai  Molecular  Biology  Core  Fa¬ 
cility  on  an  Applied  Biosystems  373  computerized  DNA  sequencer  (Fos¬ 
ter  City,  CA)  or  at  the  Biotechnology  Center  at  Utah  State  University 
(Logan,  UT).  Searches  of  the  DNA  databases  were  performed  with  the 
BLAST  server  service,  and  sequence  analysis  and  alignments  were  carried 
out  with  MacVector  (International  Biotechnologies.  Inc.,  New  Haven. 
CT)  and  GCG  software  (Genetics  Computer  Group.  Madison,  WI). 

RNA  Analyses 

Northern  blot  analyses  were  performed  by  fractionating  total  cellular  or 
poly(A)^  RNA  through  agarose/formaldehyde  gels,  blotting  to  nylon  mem¬ 
branes.  and  hybridizing  with  DNA  probes  as  described  by  Krauss  et  al. 
(1992). 

For  the  study  of  cdo  expression  in  adult  rat  tissues.  PCR-based  “exon- 
connection”  assays  were  carried  out  (Fearon  et  al..  1990).  A  portion  of  the 
cdo  gene  was  isolated  from  a  rat  genomic  library  (a  gift  of  S.  Salton. 
Mount  Sinai  School  of  Medicine)  and  a  partial  exon/intron  structure  de¬ 
duced  over  a  ~15-kb  region.  Random  primers  and  reverse  transcriptase 
were  used  to  generate  cDNA  from  total  RNA  derived  from  rat  tissues. 
PCR  primers  (.S'-CACACAGTCAGAAGCGTTCCTC-3'  {sense],  and  .S'- 
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AGGATAAGAGGCTACCACTGGG-3'  [antisense])  directed  against  se¬ 
quences  from  separate  exons  were  then  used  to  amplify  a  cDNA  product 
that  linked  these  exons.  PCR  reactions  were  fractionated  on  agarose  gels, 
blotted  to  nylon  membranes,  and  probed  with  a  cdo  cDNA  probe.  To  ana¬ 
lyze  differential  splicing  of  the  fifth  Ig  repeat  of  cdo  in  Rat  6  cells,  reverse 
transcription-PCR  was  performed  on  total  Rat  6  cell  RNA  w'ith  the  fol¬ 
lowing  primers:  5'-GG AAGCAACTGGAGAAGG-3'  (sense)  and  5'- 
GTCTCGTTCATCGTTCTG-3'  (antisense).  The  products  were  analyzed 
by  agarose  gel  electrophoresis  and  ethidium  bromide  staining. 

Flow  Cytometry 

Cells  were  stained  with  propidium  iodide  buffer  (50  p.g/ml  propidium  io¬ 
dide.  0.1%  sodium  citrate,  0.1%  Triton  X-100)  in  the  presence  of  10  p.g  of 
DNase-free  RNase  and  analyzed  by  flow  cytometry  on  a  fluorescence- 
activated  cell  sorter  (FACS^can:  Becton  and  Dickinson,  Co„  Mountain 
View,  CA).  The  data  were  analyzed  by  the  CellFIT  software  program 
(Becton  and  Dickinson,  Co.,  Mountain  View,  CA). 

Antibodies  and  Western  Blot  Analyses 

A  portion  of  the  intracellular  region  of  rat  cdo  (amino  acids  1057-1241) 
was  ligated  into  pGEX-5X-l  (Pharmacia  LKB  Biotechnology  Inc.,  Piscat- 
away,  NJ)  to  produce  a  glutathione-5-transferase  fusion  protein.  Fusion 
protein  produced  in  Escherichia  coli  was  purified  by  SDS-PAGE  and  elec- 
troeiution.  Rabbit  polyclonal  antibodies  to  CDO  protein  were  generate^^ 
with  a  proprietary  immunization  regimen  referred  to  as  PolyOuik 
(Zymed  Laboratories  Inc.,  South  San  Francisco,  CA).  Crude  antisera 
were  used  for  Western  blot  analyses. 

Immunoblot  analyses  were  performed  essentially  as  described  in  Kang 
et  al.  (1996).  Cells  from  monolayer  or  methylcellulose  suspension  cultures 
were  harvested  in  radioimmunoprecipilation  assay  (RIPA)  buffer  (10  mM 
Tris-HCl,  pH  7.2,150  mM  Naa/1%  Triton  X-100/1%  sodium  deoxycholate/ 
0.1  %  SDS/1  mM  EGTA)  containing  1  mM  PMSF,  10  ng/ml  leupeptin,  50  mM 
NaF,  and  1  mM  sodium  orthovanadate.  Total  proteins  were  then  sepa¬ 
rated  by  SDS-PAGE,  transferred  to  nitrocellulose  membranes  (Amer- 
sham  Corp.,  Arlington  Heights.  IL).  and  probed  with  anti-CDO  antiserum. 
The  blots  were  washed  and  reprobed  with  HRP-conjugated  secondary  an¬ 
tibody  and  specific  protein  bands  visualized  with  the  ECL  chemilumines¬ 
cent  detection  system  (Amersham  Corp.)  as  described  previously  (Kang, 
et  ah.  1996). 

Surface  Labeling  and  Tunicamycin  Treatment 

To  surface  biotinylate  Rat  6-derived  cultures,  cells  were  detached  in  0.04% 
EDTA  in  PBS.  washed  with  serum-free  DME,  and  incubated  on  ice  with 
serum-free  DME  plus  50  p.M  sulfo-NHS-LC-biotin  (Pierce  Chemical  Co., 
Rockford,  IL)  for  0.5  h.  Cells  were  then  washed  again  and  lysed  in  RIPA 
buffer,  and  CDO  was  immunoprecipilated.  Western  blotting  was  then 
performed  as  described  above,  e.xcept  that  HRP-linked  streptavidin  was 
used  for  detection.  To  assess  N-glycosylalion  of  CDO,  Rat  6  cells  were 
treated  w'ith  tunicamycin  (5  pg/ml)  for  48  h,  lysed,  and  analyzed  by  West¬ 
ern  blotting. 

Ectopic  Expression  of  cdo 

A  complete  rat  cdo  open-reading  frame,  including  95  bp  of  the  5'  untrans¬ 
lated  region  and  633  bp  of  the  3'  untranslated  region,  was  reconstructed 
from  overlapping  bacteriophage  inserts  and  ligated  into  the  retroviral  ex¬ 
pression  vector.  pBabePuro  (Morganstern  and  Land.  1990).  Production  of 
recombinant  retroviruses  and  infection  of  Rat  6-derived  cell  lines  w'as  per¬ 
formed  as  previously  described  (Krauss  et  ah,  1992).  Infected  cultures  were 
selected  in  medium  that  contained  5  pg  puromycin  per  ml,  and  >1,000  in¬ 
dependent,  drug-resistant  colonies  w’ere  pooled  and  analyzed  as  described 
in  Results. 

Cfhromosomal  Localization  of  Human  cdo 

A  portion  of  the  human  cdo  gene  w'as  PCR  amplifed  from  human  mono- 
chromosomal  somatic  cell  hybrids.  The  National  Institute  of  General  Medi¬ 
cal  Sciences  human/rodent  somatic  cell  hybrid  mapping  panel  No.  2,  ver¬ 
sion  3  (Coriell  Institute  for  Medical  Research,  Camden,  NJ),  was  used  for 
chromosomes  1,  6-9,  11,  12,  14,  16,  17,  20,  22,  X,  and  Y.  The  remaining 
chromosomes  were  represented  by  monochromosomal  hybrids:  GM11686 
(chr.  2);  GM11713  (chr.  3);  GM11687  (chr.  4);  GMIHM  (chr.  5); 
GM1168S  (chr.  10);  GM116S9  (chr.  13);  GMIHIS  (chr.  15);  GM12082 


(chr  18);  GM10612  (chr.  19);  and  GM08854  (chr.  21)  (Coriell  Institute  for 
Medical  Research).  PCR  amplifications  were  performed  with  the  follow'- 
ing  primers:  5'-CACAACAGGCir,GG AGCGA-3'  (sense),  and  5'- 
GGGG AAGAAA ACATrrAAG-3'  (antisense).  I'he  identity  of  the  chro¬ 
mosome  11  monochromosomal  hybrid  was  confirmed  by  PCR  of  the  pre¬ 
viously  mapped  locus  catalase  (llpl3)  (Theune  et  ah.  1991).  Human  cdo 
was  further  localized  with  a  chromosome  1 1  regional  mapping  panel  (Co¬ 
riell  Institute  for  Medical  Research). 


Results 

Isolation^  Sequence  Analysis^  and  Tissue  Distribution 
of  cdo 

The  R4a  and  ER-1-2  mutant  rat  embryo  fibroblast  cell 
lines  are  resistant  to  induction  of  anchorage-independent 
growth  by  various  oncogenes,  and  this  property  is  domi¬ 
nant  in  somatic  cell  hybridizations  (Krauss  et  al.,  1992). 
Because  this  dominant  resistance  could  have  arisen  by  the 
stable  expression  (or  overexpression)  of  a  transformation 
suppressor  gene,  a  cDNA  library  constructed  from  R-la 
cells  was  screened  by  differential  hybridization  to  isolate 
genes  whose  expression  was  enhanced  in  R-la  cells,  rela¬ 
tive  to  a  transformation-sensitive  control  cell  line,  PKC3- 
F4.  One  cDNA  clone  isolated  in  this  screen,  later  named 
cdo,  hybridized  to  an  '^S.S-kb  mRNA  species  that  repro- 
ducibly  showed  a  mild  (1.5-2-fold)  up-regulation  in  both 
R-la  and  ER-1-2  cells,  relative  to  the  control  PKC3-F4 
cells  (Fig.  1).  Interestingly,  cdo  mRNA  levels  were  dra¬ 
matically  down-regulated  in  PKC3-F4  cells  that  had  been 
infected  with  a  v-H-r^s-expressing  retrovirus.  This  down- 
regulation  was  incomplete  in  similarly  infected  cultures  of 
the  rfl5-resistant  R-la  and  ER-1-2  cell  lines  (Fig.  1). 

Sequence  analysis  of  overlapping  cDNAs  revealed  cdo 
to  be  a  member  of  the  Ig/FNIII  repeat  family.  Fig.  2  A 
shows  the  predicted  amino  acid  sequence  of  rat  cdo;  also 
shown  is  the  amino  acid  sequence  of  a  closely  related  hu¬ 
man  gene  (see  below).  The  rat  cdo  mRNA  is  predicted  to 
encode  a  1,242-amino  acid  protein,  comprised  of  a  24- 
amino  acid  hydrophobic  signal  sequence  followed  by  an  ex¬ 
tracellular  region  of  five  Ig  V-like  repeats  (Vaughn  and 
Bjorkman,  1996)  and  three  FNIII-like  repeats,  a  25-residue, 
membrane-spanning  region,  and  a  putative  intracellular 
region  of  256  amino  acids.  A  hydropathy  plot  (not  shown)  is 
consistent  with  a  single  membrane-spanning  region,  sug¬ 
gesting  that  cdo  encodes  a  transmembrane  protein  with  a 
structure  similar  to  members  of  the  N-CAM  family.  A  sche¬ 
matic  representation  of  the  predicted  CDO  structure  is 
shown  in  Fig.  2  B,  While  there  are  no  other  IgSF  members 
with  this  numerical  combination  of  Ig-  and  FNIII-like  re¬ 
peats  in  the  current  databases,  individual  Ig  and  FNIII  re¬ 
peats  in  cdo  appeared  to  be  most  closely  related  to  such 


Figure  1.  Northern  blot  anal¬ 
ysis  of  cdo  mRNA  expres¬ 
sion  in  the  PKC3-F4,  R-la, 
and  ER-1-2  cell  lines,  plus  or 
minus  infection  with  a  v-H- 
ra.?-expressing  retrovirus.  + 
and  -,  expressing  or  not  ex¬ 
pressing  \~H-ras,  respec¬ 
tively.  The  ethidium  bromide-stained  gel  (displaying  the  28S  and 
18S  ribosomal  RNA  bands),  is  shown  as  a  loading  control. 


PKC3-F4  R'la  ER*l-2 
v-H-  ras:  -  +  -  +  -  + 
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repeats  found  in  rat  NB-2  and  NB-3  (Ogawa  et  a!.,  1996), 
members  of  the  FI  l/conlactin/F3  subfamily  of  CAMs  (up 
to  50%  amino  acid  similarity;  data  not  shown).  Interest¬ 
ingly,  however,  the  putative  intracellular  region  of  cdo 
showed  no  significant  resemblance  to  any  gene  currently 
in  the  standard  databases.  A  proline-rich  stretch  in  the 


Figure  2.  (A)  Predicted 

amino  acid  sequence  of  rat 
and  human  CDO.  Identical 
residues  are  boxed.  The  five 
Ig-like  repeats  are  indicated 
by  the  triangles,  which  corre¬ 
spond  to  the  two  conserved 
cysteines  present  in  each  do¬ 
main  (Williams  and  Barclay, 
1988).  The  three  FNIII-like 
repeats  are  indicated  by  the 
arrowheads,  which  corre¬ 
spond  to  the  conserved  pro¬ 
lines  and  leucines  at  the  end 
of  each  domain  (Patlhy, 
1990).  The  putative  signal  se¬ 
quence  and  transmembrane 
regions  are  underlined  in 
bold.  10  asparagines  in  the 
extracellular  region  that  rep¬ 
resent  potential  sites  of 
N-Iinked  glycosylation  are  in 
bold  print.  A  proline-rich 
stretch  in  the  intracellular  re¬ 
gion  is  underscored  with  as¬ 
terisks.  These  sequence  data 
are  available  from  EMBL/ 
GenBank/DDBJ,  under  ac¬ 
cession  numbers  AF004840 
(rat),  and  AF004841  (hu¬ 
man).  (B)  Schematic  repre¬ 
sentation  of  CDO  structure, 
which  contains  five  Ig-like 
repeats,  three  FNIII-like  re¬ 
peats,  a  transmembrane  re¬ 
gion  (TM),  and  a  256-amino 
acid  intracellular  region.  Ig 
repeat  5  (cross-hatched)  is  al¬ 
ternatively  spliced. 

intracellular  region  that  might  serve  as  a  potential  SH3 
domain  binding  site  is  indicated  in  Fig.  2  A,  10  potential 
N-linked  gycosylation  sites  present  in  the  extracellular  re¬ 
gion  are  also  indicated. 

Sequencing  of  multiple,  independent  cDNAs  revealed  a 
potential  for  alternative  splicing  of  the  fifth  Ig  repeat. 
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Figure  3.  Expression  of  cdo  in  adult  rat  tissues.  PCR-based 
*‘exon-connection''  assays  for  detection  of  cdo  transcripts  were 
performed  as  described  in  the  text. 


leading  to  removal  of  amino  acids  400-516.  Reverse  tran- 
scriptase-PCR  analysis  of  total  Rat  6  cell  RNA  with  prim¬ 
ers  that  flank  this  region  produced  a  major  product  corre¬ 
sponding  to  mRNA  that  encodes  the  fifth  Ig  domain,  and  a 
minor  product  corresponding  to  mRNA  that  lacks  this  do¬ 
main  (data  not  shown).  Consistent  with  the  notion  that 
this  is  a  minor  splice  variant  in  Rat  6  cells,  only  one  major 
form  of  cdo  mRNA  and  protein  was  detected  by  Northern 
and  Western  blot  analyses  of  these  cells  (see  below). 

Expression  of  cdo  in  adult  rat  tissues  was  analyzed  ini¬ 
tially  by  Northern  blotting  of  poly(A)'^  RNA  derived  from 
brain,  liver,  kidney,  heart,  large  and  small  intestines,  spleen, 
thymus,  lung,  stomach,  and  skeletal  muscle,  but  only  a 
ver)'  faint  signal  could  be  detected.  This  result  was  remi¬ 
niscent  of  that  observed  for  the  related  gene,  DCC.  We 
chose,  therefore,  to  use  the  ‘‘exon-connection'’  strategy 
originally  used  by  Fearon  et  al.  (1990)  to  analyze  DCC  ex¬ 
pression.  A  product  of  the  predicted  size  was  found  in  all 
of  the  tissues  examined  except  liver,  kidney,  and  skeletal 
muscle  (Fig.  3).  Thus,  cdo  is  expressed  at  low  levels  in 
most  adult  tissues. 

Regulation  of  cdo  mRNA  by  Oncogenes  and  Serum 

The  PKC3-F4,  R-la,  and  ER-1-2  cell  lines  ail  share  the 
same  original  parental  cell  line,  Rat  6.  Expression  of  cdo 
mRNA  in  Rat  6  cells,  as  well  as  in  Rat  6  cells  transformed 
by  different  oncogenes,  was  therefore  assessed.  Transfor¬ 
mation  of  Rat  6  cells  by  the  H-ras,  neii,  v-sre,  \~raf  protein 
kinase  C  e,  or  \-fos  oncogenes  led  to  a  dramatic  loss  of 
expression  of  cdo  (Fig.  4  A).  Each  of  these  oncogene¬ 
expressing  cell  lines  was  grossly  morphologically  trans¬ 
formed  and  formed  large  colonies  in  soft  agar  (Borner  et  al., 
1992).  In  contrast,  overexpression  of  protein  kinase  C  pi, 
which  led  to  enhanced  mitogen-induced  signaling  but  was 
a  very  weak  transforming  gene  (Housey  et  al.,  1988;  Borner 
et  al.,  1995),  had  little  effect  on  cdo  expression.  Further¬ 
more,  hybridization  of  a  rat  cdo  cDNA  probe  to  Northern 
blots  of  RNA  from  the  murine  embryo  fibroblast  line, 
NIH  3T3,  revealed  an  mRNA  species  that  was  indistin¬ 
guishable  in  size  from  that  seen  in  Rat  6  cells,  and  this 
mRNA  was  nearly  undetectable  in  NIH  3T3  cells  trans¬ 
formed  by  a  K-rfl.?  oncogene  (Fig.  4  B).  Thus,  down-regu¬ 
lation  of  cdo  mRNA  expression  correlated  with  establish¬ 
ment  of  the  transformed  phenotype  by  several  different 
oncogenes  in  Rat  6  cells  and  by  ras  oncogenes  in  two  dif¬ 
ferent  cell  lines. 

The  possibility  that  cdo  expression  might  be  down-regu¬ 
lated  by  mitogen  treatment  was  examined  next.  Fig.  4  C 
demonstrates  that  when  confluent,  serum-starved  Rat  6 


+  serum  (hr):  g  0  1  2  4  8  12  24  48 


Figure  4.  Effect  of  oncogenes  and  serum  on  cdo  mRNA  expres¬ 
sion.  (A)  Northern  blot  analysis  of  cdo  expression  in  Rat  6  cells 
and  various  oncogene-transformed  Rat  6  cell  derivatives.  The 
lane  designations  refer  to  the  oncogene  expressed  in  the  given 
Rat  6  cell  derivative.  The  same  blot  was  rehybridized  with  a  rat 
glyceraldehyde  3-phosphate  dehydrogenase  (GAPDH)  cDNA 
probe  as  a  loading  control.  (B)  Northern  blot  analysis  of  cdo  ex¬ 
pression  in  NIH  3T3  cells,  and  NIH  3T3  cells  transformed  by  the 
k-ras  oncogene,  -i-  and  expressing  or  not  expressing  k-rax,  re¬ 
spectively.  The  ethidium  bromide-stained  gel,  displaying  the  28S 
and  18S  ribosomal  RNA  bands,  is  shown  as  a  loading  control. -(C) 
Northern  blot  analysis  of  the  time  course  of  cdo  mRNA  expres¬ 
sion  in  serum-stimulated  Rat  6  cells.  Confluent  cultures  of  wild- 
type  Rat  6  cells  were  serum  starv^ed  {0  h)  and  then  fed  with  fresh, 
serum-containing  medium.  Lane  designations  represent  the  time, 
in  hours,  after  serum  stimulation;  lane  g  represents  cells  growing 
logarithmically  in  serum-containing  medium.  The  ethidium  bro¬ 
mide-stained  gel,  displaying  the  28S  and  18S  ribosomal  RNA 
bands,  is  shown  as  a  loading  control. 

cells  were  stimulated  by  refeeding  with  fresh,  serum-con¬ 
taining  medium,  cdo  expression  was  nearly  extinguished 
within  4  h.  Expression  began  to  return  within  8-12  h,  and 
by  24-48  h,  it  had  been  restored  to  the  level  of  the  original 
cultures.  Parallel  cultures  that  were  analyzed  for  cell  cycle 
progression  by  flow  cytometry  indicated  that  >70%  of  the 
cells  were  in  S  phase  16  h  after  serum  stimulation,  and  that 
the  cultures  were  fully  quiescent  again  24^8  h  after-stim¬ 
ulation  (data  not  shown).  Thus,  steady-state  levels  of  cdo 
mRNA  were  transiently  down-regulated  as  Go-arrested 
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Figure  5.  Western  blot  analyses  of  CDO  protein  expression  with 
antisera  against  the  CDO  intracellular  region.  (^4)  Transient  trans¬ 
fection  of  the  pBabePuro/cr/o  vector  into  293  cells.  +  and  cells 
were  transfected  or  mock  transfected  with  the  expression  vector, 
respectively.  {B)  Ras-mediated  down-regulation  of  CDO  protein 
levels  in  Rat  6  cells.  C1-T24  cells  are  a  ra.y-transformed  Rat  6  cell 
subclone.  (C)  Serum-mediated  down-regulation  of  CDO  protein 
levels  in  Rat  6  cells.  Confluent  cultures  of  wild-type  Rat  6  cells 
were  serum  starved  (0  h)  and  then  fed  with  fresh,  serum-contain¬ 
ing  medium.  Lane  designations  represent  the  time,  in  hours,  after 
serum  stimulation:  note  that  the  times  after  stimulation  at  which 
CDO  protein  was  analyzed  are  not  identical  to  those  used  in  anal¬ 
ysis  of  cdo  mRNA  in  Fig.  2.  (D)  Cell  surface  expression  of  CDO. 
Rat  6  and  C1-T24  cell  derivatives  w'ere  surface  biotinylated  and 
detected  on  Western  blots  with  HRP-linked  streptavidin.  +  and 
cells  did,  or  did  not,  stably  express  the  pBabePuro/c^/a  vector.  (£) 
N-linked  glycosylation  of  CDO.  +  and  Rat  6  cells  treated  or 
not  treated  with  tunicamycin,  respectively,  and  then  analyzed  by 
immunobiotting  with  CDO  antisera. 


cells  reentered  the  cell  cycle  and  were  restored  as  the  cul¬ 
tures  regained  quiescence.  Fig.  4  C  also  shows  that  loga¬ 
rithmically  growing  cells  had  lower  levels  of  cdo  mRNA 
than  did  confluent,  serum-starved  cells.  This  appeared  not 
to  be  due  simply  to  cell  proliferation,  per  se,  or  solely  to 
the  fact  that  these  growing  cultures  were  in  the  presence  of 
serum,  because  growth  arrest  of  such  cultures  by  removal 
of  serum  did  not  significantly  increase  cdo  expression  (data 
not  shown).  These  data  indicate  that  cell  density  and/or 
cell-cell  contact  might  also  play  a  role  in  cdo  mRNA  regu¬ 
lation. 

Analysis  of  CDO  Protein  in  Rat  6  Cells 

A  complete  cdo  open  reading  frame  was  inserted  into  the 
retroviral  expression  vector,  pBabePuro.  This  vector  was 
transiently  transfected  into  the  human  embryonic  kidney 
cell  line,  293,  and  Western  blot  analysis  performed  on  total 
cell  lysates  with  polyclonal  rabbit  antisera  raised  against 


the  intracellular  region  of  cdo.  A  protein  of  ^190  kD  was 
detected  in  transfected  cells,  but  not  in  mock-transfected 
controls  (Fig.  5  A).  An  immunoreactive  protein  with  simi¬ 
lar  mobility  was  detected  in  Rat  6  cell  lysates  (Fig.  5  A). 
A  nonspecific,  cross-reactive  band  of  lower  molecular  weight 
is  also  visible  in  mock-transfected  293  cells  and,  fre¬ 
quently,  in  Rat  6  cells.  Consistent  with  the  RNA  analyses 
described  above,  CDO  protein  levels  were  dramatically 
down-regulated  in  ^^-transformed  Rat  6  cells  (C1-T24 
cells;  Fig.  5  B).  Likewise,  serum  stimulation  of  quiescent 
Rat  6  cultures  led  to  transient  down-regulation  of  CDO 
protein  levels  (Fig.  5  C).  It  was  not  possible  to  perform 
similar  studies  with  NIH  3T3  cells,  because  the  antibodies 
to  CDO  appear  to  be  specific  for  rat. 

The  amino  acid  sequence  of  cdo  predicts  a  transmem¬ 
brane  protein.  To  confirm  that  CDO  was  expressed  on  the 
cell  surface,  various  Rat  6  cell  derivatives  were  surface  bi¬ 
otinylated.  CDO  was  then  immunoprecipitated  and  de¬ 
tected  on  Western  blots  with  HRP-coupled  streptavidin. 
As  shown  in  Fig.  5  D,  a  band  of  the  appropriate  molecular 
weight  was  observed  in  Rat  6  cells,  but  was  not  present  in 
rr75-transformed  C1-T24  cells.  Furthermore,  the  signal  in¬ 
tensity  of  the  band  was  increased  in  Rat  6  cells  that  over¬ 
produce  CDO,  and  the  band  was  restored  in  C1-T24  cells 
that  ectopically  produce  this  protein  (see  below  for  a  de¬ 
scription  of  these  cell  lines).  It  is  concluded  that  CDO  is 
expressed  on  the  cell  surface. 

Members  of  the  IgSF  are  typically  modified  in  their  ex¬ 
tracellular  region  by  N-linked  glycosylation  (Brummendorf 
and  Rathjen,  1995).  To  test  whether  CDO  is  also  N-glyco- 
sylated,  Rat  6  cells  were  treated  with  tunicamycin,  an  in¬ 
hibitor  of  this  process.  CDO  from  treated  cells  displayed  a 
significant  decrease  in  apparent  molecular  weight  (Fig.  5  £*), 
consistent  with  the  notion  that  it  is  a  glycoprotein. 

Effect  of  Cell-Substratum  Adhesion  on  cdo  RNA  and 
Protein  Expression 

The  expression  pattern  of  cdo  in  Rat  6  and  NIH  3T3  cells 
(Fig.  4)  suggests  that  cdo  might  encode  a  protein  with 
growth  inhibitory  or  transformation  suppressor  function. 
Because  the  primary  defect  in  the  R-la  and  ER-1-2  mu¬ 
tant  cell  lines  is  an  inability  to  proliferate  in  an  anchorage- 
independent  manner  in  response  to  ras  (Krauss  et  al., 
1992;  Kang  and  Krauss,  1996),  it  was  of  interest  to  deter¬ 
mine  the  effects  of  cell-substratum  adhesion  on  the  ex¬ 
pression  of  cdo.  Rat  6  cells  suspended  in  methylcellulose- 
containing  medium  had  significantly  low'er  steady  state 
levels  of  cdo  mRNA  than  did  parallel  adherent  cultures.  A 
similar  effect  w^as  observed  in  NIH  3T3  ceils  (Fig.  6).  cdo 
mRNA  levels  were  consistently  lower  in  suspension  cul¬ 
tures  than  in  adherent  cultures  of  low  cell  density  (data 
not  shown).  It  seems  likely,  however,  that  the  decrease  in 
steady  state  cdo  mRNA  levels  seen  in  the  methylcellulose 
cultures  of  Rat  6  cells  may  reflect  a  combination  of  two 
phenomena:  (a)  loss  of  cell  anchorage:  and  {b)  the  low  cell 
density  typically  used  for  these  suspension  cultures,  since 
decreased  cell  density  in  adherent  cultures  also  led  to  par¬ 
tially  reduced  levels  of  cdo  mRNA  (Fig.  4  C,  and  see 
above). 

Although  cdo  mRNA  levels  were  down-regulated  in  non¬ 
adherent  Rat  6  cells,  some  level  of  expression  was  always 
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Figure  6.  Regulation  of  cdo  mRNA  and  protein  by  cell-substra¬ 
tum  adhesion  in  Rat  6  and  NfH  3T3  cells.  +  and  cells  were 
cultured  on  plastic  dishes  or  suspended  in  methylcellulose-con- 
taining  medium,  respectively.  CDO  protein  and  cdo  mRNA  were 
analyzed  by  Western  and  Northern  blotting  techniques,  respec¬ 
tively.  For  the  Northern  blots,  the  ethidium  bromide-stained  gel, 
displaying  the  28S  and  18S  ribosomal  RNA  bands,  is  shown  as  a 
loading  control. 


detectable  in  these  cultures.  In  contrast,  CDO  protein 
could  not  be  detected  in  suspension  cultures  (Fig.  6).  These 
data  raised  the  possibility  that  CDO  protein  levels  might 
be  regulated  by  cell-substratum  adhesion  by  a  mechanism 
that  is  independent  of  cdo  mRNA  expression.  Additional 
experiments  that  address  this  point  are  described  below. 

Ectopic  Expression  of  cdo 

To  test  the  hypothesis  that  cell-substratum  adhesion  can 
regulate  CDO  protein  levels  independently  of  cdo  mRNA 
expression,  we  sought  to  express  a  cdo  cDNA  from  a  pro¬ 
moter  whose  activity  was  not  influenced  by  cell  culture 
conditions.  To  achieve  this,  parental  Rat  6  cells  and  a  ras~ 
transformed  derivative,  C1-T24,  were  infected  with  a  re¬ 
combinant  retrovirus  that  drives  expression  of  cdo  from 
the  viral  long  terminal  repeat.  The  cells  were  infected  with 
either  the  ct/o-ex pressing  virus  or,  as  a  control,  a  virus  that 
lacked  a  cDNA  insert.  Infeclants  were  then  pooled  and 
the  polyclonal  populations  were  analyzed. 

Ectopic  expression  of  cdo  was  assessed  by  Northern  and 
Western  blot  analyses  of  infected  cells  cultured  under  both 
Adherent  and  nonadherent  conditions.  As  shown  in  Fig. 
7  A,  Rat  6  and  C1-T24  cells  that  were  infected  with  the  cdo 
virus  (Rat  6! cdo  and  C\-TlA1cdo  cells,  respectively)  ex¬ 
pressed  abundant,  vector-derived  mRNA  whether  they 
were  attached  to  plates  or  suspended  in  methylcellulose. 
When  adherent  cultures  were  tested.  Rat  6/c^/o  cells  pro¬ 
duced  significantly  more  immunoreactive  CDO  protein  than 
control  vector-infected  cells  (Fig.  7  A).  Cl-T24/c^o  cells 
also  produced  large  quantities  of  CDO  protein  when  grown 
on  tissue  culture  plates  (Fig.  7  A).  Control  vector-infected 
C1-T24  cells  expressed  no  detectable  CDO,  similar  to  the 
parental  C1-T24  cell  line  shown  in  Fig.  5  B  (see  also  Fig.  7  B). 
Interestingly,  no  CDO  protein  was  produced  when  any  of 
these  cell  lines  was  cultured  under  nonadherent  condi¬ 
tions,  even  though  they  stably  expressed  exogenous,  vec¬ 
tor-derived  cdo  mRNA  (Fig.  7  A).  We  have  previously 
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Figure  7.  Regulation  of  ectopic  CDO  protein  production  by  cell- 
substratum  adhesion.  (A)  Rat  6  and  C1-T24  cells  were  infected 
with  recombinant  pBabePuro/c^^o  virus  (  +  )  or  pBabePuro  virus 
lacking  a  cDNA  insert  (-),  and  were  cultured  on  plastic  dishes 
(+  adhesion)  or  suspended  in  methylcellulose-containing  me¬ 
dium  (”  adhesion),  CDO  protein  expression  and  mRNA  expres¬ 
sion  were  analyzed  by  Western  and  Northern  blotting  techniques, 
respectively.  Prolonged  exposure  of  the  Northern  blot  revealed 
the  endogenous  cdo  mRNA  species  in  the  first  two  lanes,  similar 
to  the  data  presented  in  Fig.  6.  (B)  C1-T24  cells  were  infected 
with  recombinant  pBabePuro/ct/o  virus  (  +  )  or  pBabePuro  virus 
lacking  a  cDNA  insert  (-),  and  were  then  cultured  on  plastic 
dishes  at  low  (L)  or  high  (H)  cell  density.  Also  shown  are  extracts 
from  tumors  derived  from  C\-T24ipuro  (-)  and  Cl-T24lcdo  (  +  ) 
cells.  Samples  were  analyzed  for  CDO  protein  expression  by 
Western  blotting  techniques.  Western  blots  were  also  stained 
with  Ponceau  S  to  confirm  that  protein  samples  were  not  degraded. 


demonstrated  that  production  of  several  cell  cycle  proteins 
is  not  altered  by  culturing  these  cells  in  methylcellulose- 
containing  medium  (Kang  and  Krauss,  1996).  Further¬ 
more,  immunoblotting  of  these  same  cell  extracts  with  an¬ 
tibodies  to  a  different  cell  surface  protein,  the  insulin-like 
growth  factor  I  receptor,  did  not  reveal  significant  differ¬ 
ences  between  adherent  and  nonadherent  cultures  in  the 
expression  of  this  protein  (data  not  shown).  Loss  of  CDO 
production  in  nonadherent  cultures  therefore  was  not  due 
to  a  nonspecific  effect,  nor  was  it  due  to  undetected  dam¬ 
age  to  the  cells.  These  data  are  consistent  with  the  data  de¬ 
scribed  in  Fig.  5,  and  indicate  a  requirement,  at  least  in  Rat 
6  cells,  for  cell-substratum  adhesion  for  stable  production 
of  CDO  protein. 
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The  failure  of  Rat  6  cells  to  produce  either  endogenous 
or  ectopically  expressed  CDO  protein  in  the  absence  of 
cell-substratum  adhesion  might  have  arisen,  at  least  in 
part,  as  a  result  of  the  low  cell  density  in  the  methylcellu- 
lose  cultures  used  for  the  nonadherent  conditions,  rather 
than  as  an  absolute  need  for  cell  anchorage.  To  distinguish 
between  these  possibilities,  we  cultured  Cl-TlAlcdo  cells 
at  low  and  high  cell  densities  on  tissue  culture  plates  and 
measured  CDO  levels  by  immunoblotting,  Cl-TlAicdo 
cells  are  most  appropriate  for  addressing  this  question  be¬ 
cause  they  express  only  the  vector-derived  cdo  mRNA 
which,  unlike  the  endogenous  cdo  gene,  is  not  regulated 
by  cell  density  or  cell  anchorage.  As  shown  in  Fig.  7  fi,  ad¬ 
herent  cultures  of  C\-T2Alcdo  cells  harvested  at  low  and 
high  cell  densities  each  produced  abundant  CDO  protein, 
indicating  that  loss  of  cell  substratum  adhesion  was  most 
likely  to  be  responsible  for  the  effects  observed  in  Fig.  7  A. 

As  would  be  expected  of  cells  that  failed  to  produce  the 
exogenously  derived  protein,  there  was  no,  difference  be¬ 
tween  C\-T2Alcdo  cells  and  control  vector-infected  Cl- 
T24  cells  in  their  frequency  of  colony  formation  in  soft 
agar  (^20%  cloning  efficiency).  The  tumorigenicity  of  Cl- 
T24lcdo  and  control  vector-infected  C1-T24  cells  was  also 
tested.  When  10^  cells  of  each  cell  line  were  injected  into 
the  flanks  of  nude  mice,  both  produced  tumors  of  1-cm 
diam  in  10  d.  The  tumors  were  then  excised,  and  tested  for 
expression  of  CDO  protein.  Similar  to  what  was  observed 
with  the  nonadherent  cultures,  tumors  derived  from  Cl- 
T24lcdo  cells  produced  barely  detectable  levels  of  CDO 
(Fig.  7  B),  further  indicating  a  need  for  engagement  of  the 
cells  with  an  appropriate  substratum  for  stable  production 
of  this  protein. 

Finally,  ectopic  expression  of  CDO  protein  in  adherent 
cultures  of  Rat  6/cdo  and  C\-T24/cdo  cells  did  not  alter 
the  gross  morphology  or  growth  properties  of  either  cell 
type  when  compared  with  their  respective  vector  control 
or  parental  cell  lines  (data  not  shown).  Notably,  no  in¬ 
crease  in  cell-cell  aggregation  was  observed,  as  might  be  ex¬ 
pected  for  ectopic  expression  of  a  cell  surface  molecule 
that  mediated  homophilic  cell  adhesion. 

It  should  be  noted  that  the  ra5-resistant  mutant  cells  also 
did  not  produce  CDO  protein  when  cultured  in  suspension 
(data  not  shown).  Thus,  the  failure  of  the  mutant  cell  lines 
to  down-regulate  cdo  mRNA  levels  to  the  same  extent  ob¬ 
served  in  transformation-sensitive  control  cells  presum¬ 
ably  does  not  account  for  their  resistance  to  anchorage- 
independent  growth.  These  data  do  not,  however,  exclude 
a  role  for  CDO  as  a  transformation  suppressor  in  other 
systems  where  stable  expression  of  the  protein  may  occur. 

Sequence  and  Chromosomal  Lx)calization  of  a  Human 
Gene  Closely  Related  to  cdo 

A  Southern  '‘zoo'’  blot  containing  DNA  from  various  spe¬ 
cies  revealed  that  mouse  and  human  DNA  displayed  strong 
cross-species  hybridization  to  a  rat  cdo  cDNA  probe,  while 
chicken,  toad  {Xenopus  laevis),  and  zebrafish  DNA  dis¬ 
played  a  clearly  detectable,  but  weaker  signal  (data  not 
shown).  Screening  of  human  fetal  brain  and  fetal  lung  li¬ 
braries  yielded  clones  that  corresponded  to  a  single  closely 
related  gene.  These  human  cDNAs  hybridized  to  an  mRNA 
species  present  in  several  human  neuroblastoma  cell  lines 


that  was  indistinguishable  in  size  from  cdo  mRNA  in  Rat  6 
cells  (data  not  shown). 

The  predicted  amino  acid  sequence  of  this  human  gene 
is  shown  in  comparison  to  that  of  rat  cdo  in  Fig.  2  A.  The 
human  and  rat  genes  have  identical  domain  structures  in 
their  extracellular  regions,  and  their  intracellular  regions, 
which  do  not  resemble  other  known  proteins,  are  also 
highly  related.  Across  their  full  lengths  (except  for  the  sig¬ 
nal  sequence  which  was  missing  from  the  human  cDNA 
clones  obtained),  the  two  proteins  are  ~81%  identical  and 
^96%  similar.  The  relative  positions  of  amino  acids  that 
define  the  Ig-  and  FNIII-like  domain  consensus  sequences 
are  conserved  between  the  two  predicted  proteins,  as  are 
all  10  potential  N-linked  glycosylation  sites.  Two  potential 
microexons  are  apparent  in  the  human  sequence:  one  is  a 
three-amino  acid  insertion  between  Ig-like  repeat  5  and 
FNIII-like  repeat  1;  the  second  is  a  five-amino  acid  inser¬ 
tion  that  is  immediately  adjacent  to  the  proline-rich  se¬ 
quence  found  in  the  cytoplasmic  tail.  Although  we  cannot 
rule  out  the  existence  of  human  genes  that  are  even  more 
closely  related  to  rat  cdo,  in  this  article,  this  gene  will  be 
referred  to  as  human  cdo. 

To  identify  a  chromosomal  location  for  human  cdo,  a 
panel  of  human/rodent  monochromosomal  hybrids  was 
screened  by  PCR  with  primers  that  amplify  human,  but 
not  rodent,  cdo  DNA.  These  studies  mapped  human  cdo 
to  chromosome  11  (data  not  shown).  PCR  analysis  of  a 
chromosome  11  regional  mapping  panel  show'ed  that  cdo 
mapped  to  the  interval  llq23-24  as  defined  by  the  break- 
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Figure  8.  Regional  localization  of  human  cdo  to  chromosome 
llq23-24.  PCR  amplification  of  human  cdo  and,  as  a  control,  the 
catalase  locus  {CAT;  If  pi  3)  in  a  regional  mapping  panel  contain¬ 
ing  the  displayed  portions  of  human  chromosome  11  in  a  rodent 
cell  background.  Ethidium  bromide-stained  gels  are  shown. 
C//0,  genomic  DNA  from  CHO  cells;  Mus.  genomic  DNA  from 
mouse. 
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points  of  the  hybrids  GM10482  (llq23)  and  GM11222C 
(1  lq24).  Hybrid  GMl  1222C  was  positive  for  cdo,  whereas 
GM 10482  was  negative  (Fig.  8).  This  region  has  substan¬ 
tia!  overlap  with  similarly  sized  regions  that  display  LOH 
in  a  high  percentage  of  human  breast,  ovarian,  and  lung 
cancers  (Negrini  et  ah,  1995;  Rasio  et  al.,  1995;  Gabra  et 
al.,  1996).  PCR  for  the  catalase  locus  (llpl3)  was  used  as  a 
control  to  confirm  the  identity  of  the  hybrids  (Fig.  8). 

Discussion 

Proteins  of  the  Ig/FNIII  family  play  important  roles  in  a 
variety  of  developmental  and  physiological  processes.  Ad¬ 
ditionally,  expression  of  Ig/FNIII  proteins  can  be  highly 
dynamic  and  cell  type  specific,  although  little  is  known  of 
the  signaling  pathways  that  regulate  such  expression 
(Edelman  and  Crossin,  1991;  Brummendorf  and  Rathjen, 
1995;  Cunningham,  1995).  We  report  here  the  molecular 
cloning  and  characterization  of  rat  CDO,  a  novel  cell  sur¬ 
face  glycoprotein  of  the  Ig/FNIII  family.  A  cdo  cDNA  was 
isolated  by  screening  a  genetically  dominant,  oncogene- 
resistant  mutant  cell  line  for  genes  whose  expression  was 
enhanced  relative  to  a  transformation-sensitive  control 
cell  line,  cdo  mRNA  and  protein  were  dramatically  down- 
regulated  in  rat  and  mouse  embryo  fibroblast  cell  lines 
that  were  transformed  by  various  oncogenes.  Addition¬ 
ally,  cdo  mRNA  and  protein  levels  were  strongly,  but  tran¬ 
siently,  reduced  when  confluent,  quiescent  cells  were  stim¬ 
ulated  to  reenter  the  cell  cycle.  These  observations  raise 
the  possibility  that  CDO  may  serve  as  a  negative  regulator 
of  cell  proliferation,  transformation,  and/or  tumorigenesis. 
Consistent  with  this  possibility,  a  human  gene  that  is  very 
closely  related  to  rat  cdo  mapped  to  chromosome  1  lq23-24, 
a  region  that  exhibits  LOH  in  a  high  percentage  of  human 
breast,  ovarian,  and  lung  cancers  (Negrini  et  al,,  1995;  Ra¬ 
sio  et  al.,  1995;  Gabra  et  al.,  1996).  cdo  therefore  joins  a 
growing  list  of  genes  that  are  not  only  down-regulated  at 
the  mRNA  level  in  transformed  cell  lines  or  tumors,  but 
may  also  have  transformation  suppressor  function.  Such 
genes  include  those  that  encode  components  of  the  extra¬ 
cellular  matrix  (fibronectin,  collagen);  cell  surface  proteins 
(E-  and  H-cadherin,  connexins  26  and  43,  certain  integrins, 
and  maspin);  and  proteins  that  organize  the  actin  cytoskel- 
eton  (vinculin,  a-actinin,  tropomyosin  1)  (Plantefaber  and 
Hynes,  1989;  Giancotti  and  Ruoslahti,  1990;  Frixen  et  al,, 
1991;  Vleminckx  et  al.,  1991;  Fernandez  et  al.,  1992;  Gluck 
et  al.,  1993;  Prasad  et  al.,  1993;  Akamatsu  et  al.,  1996;  Hir- 
schi  et  al.,  1996;  Lee,  1996;  Sheng  et  al.,  1996;  Travers  et  al., 
1996). 

In  addition  to  regulation  of  cdo  mRNA  levels  by  onco¬ 
genes  and  serum,  CDO  protein  levels  were  powerfully 
controlled  by  cell-substratum  adhesion,  via  a  mechanism 
that  was  independent  of  cdo  mRNA  expression.  Rat  6 
cells  and  the  Ras-transformed  derivative  cell  line  C1-T24 
each  displayed  a  cell  anchorage  requirement  for  stable 
production  of  CDO,  even  when  this  protein  was  derived 
from  an  ectopically  expressed  mRNA,  whose  levels  were 
not  altered  by  the  culture  conditions.  Preliminary  experi¬ 
ments  indicate  that  when  suspended  Cl-T24/cdo  cells  were 
allowed  to  attach  and  spread  on  fibronectin -coated  dishes, 
CDO  was  restored  to  maximal  levels  2  h  after  replating. 
Furthermore,  attachment-mediated  production  of  CDO 


was  partially  blocked  by  cytochalasin  D  (Kang,  J,-S.,  and 
R.S.  Krauss,  unpublished  observations).  These  data  sug¬ 
gest  a  possible  role  for  integrin-mediated  signaling  and  cy- 
toskeletal  organization  in  this  process.  They  aiso  raise  the 
possibility  that  stable  production  of  CDO  may  require  an 
appropriate  extracellular  matrix  microenvironment.  Such 
a  requirement  would  have  important  implications  for  cell 
type  specificity  in  the  production  of  CDO  and  other  pro¬ 
teins  that  might  be  regulated  in  a  similar  fashion.  It  will  be 
very  interesting  to  determine  whether  anchorage  or  spe¬ 
cific  extracellular  matrix  proteins  are  required  for  stable 
production  of  other  Ig/FNIII  family  members.  It  is  not 
known  whether  the  loss  of  CDO  protein  in  suspension  cul¬ 
tures  occurred  at  the  level  of  translation  or  stability.  Zhu 
et  al.  (1996)  have  reported  that  translation  of  cyclin  D1 
mRNA  is  dependent  on  cell-substratum  adhesion,  but  un¬ 
like  the  observations  described  here  for  CDO,  this  effect 
of  cell  anchorage  was  lost  when  ectopic  cyclin  D1  tran¬ 
scripts  lacked  untranslated  regions. 

Most  CAMs  of  the  IgSF  can  mediate  homophilic  binding, 
although  DCC  may  be  an  exception  (Fearon,  1996).  How¬ 
ever,  Rat  6  and  C1-T24  cells  that  ectopically  expressed  CDO 
did  not  exhibit  enhanced  cell-cell  aggregation.  Furthermore, 
preliminary  studies  indicate  that  a  soluble  fusion  protein 
that  contains  the  entire  CDO  extracellular  region  is  un¬ 
able  to  bind  to  Rat  6  or  Rat  6/cdo  cells,  each  of  which  has 
abundant  CDO  on  their  cell  surface  (Kang,  J.-S.,  and  R.S. 
Krauss,  unpublished  observations).  These  observations  in¬ 
dicate  that  Rat  6  cells  do  not  express  a  ligand  for  CDO  on 
their  cell  surface,  and  also  that  CDO  is  probably  not  a  ho¬ 
mophilic  CAM.  Therefore,  it  will  also  be  interesting  to  de¬ 
termine  the  effects  of  cell  anchorage  on  CDO  production 
in  a  cell  system  in  which  a  known  ligand  for  CDO  is 
present.  The  presence  of  a  ligand  could  conceivably  stabi¬ 
lize  or  stimulate  production  of  CDO,  even  in  the  absence 
of  optimal  cell  anchorage.  The  levels  of  CDO  at  the  cell 
surface  may  therefore  be  governed  by  complex  interac¬ 
tions  between  (a)  signals  that  can  regulate  cdo  gene  ex¬ 
pression,  such  as  mitogenic  stimuli;  and  (b)  signals  that  can 
regulate  CDO  protein  production,  such  as  appropriate 
cell-substratum  interactions  and,  possibly,  the  presence  of 
ligands. 

Members  of  the  Ig/FNIII  repeat  family  can  be  organized 
into  subfamilies  by  the  number  of  Ig-  and  FNIII-like  re¬ 
peats  they  contain  in  their  extracellular  regions  (Brummen¬ 
dorf  and  Rathjen,  1995;  Cunningham,  1995).  We  are  not 
aware  of  any  previously  reported  members  of  this  family 
that  have  the  five  Ig  plus  three  FNIII  combination  of  re¬ 
peats.  CDO’s  unique  intracellular  region  also  distinguishes 
it  from  other  Ig/FNIII  proteins,  cdo  is  therefore  a  founding 
member  of  a  new  subfamily  within  the  Ig/FNIII  repeat 
family.  Given  the  structural  resemblance  of  CDO  to  N-CAM, 
DCC,  and  other  Ig/FNIII  family  members,  it  is  tempting  to 
speculate  that  CDO  might  also  play  a  role  in  cell  migra¬ 
tory  events  during  development  of  the  nervous  system 
and/or  other  organ  systems.  Consistent  with  this  notion, 
cdo  mRNA  is  expressed  at  high  levels  in  several  human 
neuroblastoma  cell  lines  (Gao,  M.,  and  R.S.  Krauss,  unpub¬ 
lished  observations);  in  addition,  preliminary  in  situ  hy¬ 
bridization  studies  indicate  that  cdo  mRNA  is  expressed  at 
high  levels  in  particular  regions  of  the  developing  rat  spi¬ 
nal  cord  and,  interestingly,  limb  bud  (Brose,  K.,  J.-S, 
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Kang,  R.S.  Krauss,  and  M.  Tessier-Lavigne,  unpublished 
studies).  Because  under  some  conditions  Rat  6  cells  ex¬ 
press  cdo  mRNA  but  not  its  protein  product,  it  will  be  im¬ 
portant  to  identify  cell  surface  production  of  CDO  protein 
by  particular  cell  types  during  development  to  understand 
its  function.  Understanding  CDO’s  possible  functions  in 
development  and  oncogenesis  will  also  require  analysis  of 
the  protein’s  long  cytoplasmic  tail,  which  bears  no  signifi¬ 
cant  resemblance  to  other  known  proteins.  The  dramatic 
regulation  of  cdo  mRNA  and  protein  production  by  mito¬ 
genic  and  anchorage-related  stimuli,  combined  with  CDO’s 
unique  intracellular  region,  indicate  that  further  studies  of 
this  protein  should  yield  interesting  new  insights  into  cell 
proliferation  and/or  motility,  and  how  such  processes  may 
go  awry  during  tumorigenesis.  Such  studies  are  in  pro¬ 
gress. 
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